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Foreword 



Research in low temperature physics as a rule always uses 
liquid helium. Until the beginning of the 1950's liquid helium was 
obtained in two scientific centres in the USSR, that is the Cryogenic 
Laboratory at the Ukrainian Physicotechnical Institute and the 
Institute for Physical Problems. The latter was founded by P. L. Ka- 
pitza in 1934. Low temperature physics has always been an important 
part of the Institute's activities and has made it world famous. 

This collection consists of six articles written by scientists at 
the Institute for Physical Problems and covers experimental work in 
to new areas of low temperature physics. 

We, the authors of this collection, all worked for many years un- 
der the leadership of P. L. Kapitza, who exerted an important in- 
fluence on each of us. We timed this collection for Kapit- 
za's ninetieth birthday as a token of our heartfelt gratitude and deep 
respect. Unfortunately, he did not live to see his jubilee and so this 
collection is devoted tti his memory, the memory of a great modern 
physicist and outstanding personality, Pyotr Leonidovich Kapitza. 

Academician 4.5. Borovik-Romanov 



Contents 



Foreword by A. S. Borovik-Romanov 6 
Preface by A. S. Borovik-Romanov 11 



1. GRYSTALLIZATION WAVES IN 4 HE, by A. Ya. Parshin 15 

1.1. Introduction 15 

1.2. Surface of a Classical Crystal 16 

1.2.1. Surface Energy and Equilibrium Shape of Crystal 16 

1.2.2. Surface Structure at T = 17 

1.2.3. Surface Structure at T 22 

1.2.4. Some Problems of Growth Kinetics 24 

1.3. Surface of a Quantum Crystal 27 

1.3.1. Quantum-Rough State 27 

1.3.2. Coherent Crystallization 36 

1.3.3. Crystallization Waves 38 

1.3.4. Sound Transmission Through a Quantum-Rough Surface 41 

1.4. Experimental Investigation of Coherent Crystallization and 
Crystallization Waves 45 

1.4.1. On the possibility of Direct Observation of Capillary Phenome 
na in Crystals 45 

1.4.2. Optical Cryostat 47 

1.4.3. Features of the Low Temperature Growth Kinetics of 4 He 
Crystals 49 

1.4.4. Techniques to Excite Crystallization Waves 55 

1.4.5. Visual Observations of Crystallization Waves 60 

1.4.6. Spectrum and Damping of Crystallization Waves 62 

1.5. Conclusion 74 
References 75 

2. SOUND PROPAGATION THROUGH A LIQUID-METAL 

INTERFACE, by K. N. Zinov'eva 78 

2.1. Introduction 78 

2.2. Acoustic Phenomena at a Liquid-Solid Interface 79 

2.2.1. Reflection and Transmission Coefficients of the Acoustic 
Energy According to the Classical Acoustic Theory [2.6] 79 

2.2.2. The Khalatnikov Theory of Liquid Helium-Solid Heat 
Transfer. Kapitza Resistance [2.2] 82 



Contents 



The Andreev Theory of Resonance Absorption of Sound 
2» 2 - 3 ' by a Metal Surface 83 

The Generalized Acoustic Theory 85 
2#2,4 ' Rayleigh Surface Waves 89 

2.2.5- p. rgt Experiments on Reflection and Transmission Goef- 

2 *^" ficients of Thermal Phonons Passing Across a Liquid He- 

lium-Solid Interface 92 

Experimental Investigations of Sound Transmission from 
2 * 3 ' Liquid 4 He into a Metal 94 

2 ^ Experimental Procedure 94 

2 3 2.' Apparatus 96 

2 3 3* Experiment 103 

2 3 4^ Results of Measurements at T > 0.2 K 104 

2 3 5. Results of Measurements at T < 0.2 K 112 

2 % 3.6. Discussion of Experimental Curves. Evaluation of Errors 115 

2.3.7. Calculations Using the Generalized Acoustic Theory 116 

2.3.8. Comparison of Experimental Data with the Generalized 
Acoustic Theory 121 

2.3.9. Comparison with the Andreev Theory 128 
2.4. Conclusion 129 

References 130 



3. INVESTIGATIONS OF 3 HE SUPERFLUID PHASES BY 

PULSED NMR TECHNIQUE, by Yu. M. BurCkov 132 

3.1. Introduction 132 

3.2. The Equipment for Producing Ultralow Temperatures 134 

3.2.1. Operating Conditions 134 

3.2.2. The Dilution Refrigerator 135 

3.2.3. The Nuclear Demagnetization Refrigerator 141 

^•3* Instability of Homogeneous Precession in 3 He-A and 

Its Effect on Relaxation Processes 143 

O O A 

3 Basic Properties of the 3 He Superfluid Phases 143 

.3.2. "Intrinsic" Relaxation Mechanism in Superfluid 8 He 146 

3 ^* 3 * A Study of the 3 He-A Free Induction Signal 149 

3 3 5 ^stability of Homogeneous Precession in 3 He-A 156 

Experimental Studies of an Instability in the Homoge- 

2 ^ neous Precession in 3 He-A 161 

A Texture Transition in 3 He-B Induced by a Radio Fre- 

3 4! quency Field 164 

3.4 2 Tn reshold Effect in Pulsed 3 He-B NMR 164 

3.4 3 A Texture Transition in 3 He-B 167 

Studies of the Brinkman-Smith Relaxation Mode with 
3 5 Parallel Plate Geometry 169 

Conclusion 171 

References 172 



Contents 



9 



4. EXPERIMENTAL INVESTIGATIONS OF COHERENT 

MAGNETIC BREAKDOWN, by N. E. Alekseevskii and 
V. I. Nizhankouskii 174 

4.1. Introduction 174 

4.2. Beryllium 175 

4.3. Aluminium 191 

4.4. Niobium 198 

4.5. Ruthenium Dioxide Ru0 2 212 

4.6. Conclusion 218 
References 218 

5. WEAK ELECTRON LOCALIZATION AND MAGNETO- 
RESISTANCE OSCILLATIONS OF CYLINDRICAL 

NORMAL METAL FILMS, by Yu. V. Sharvin and 
D. Yu. Sharvin 221 

5.1. Introduction 221 

5.2. An Experiment with Lithium Film 226 

5.2.1. Experimental Technique 226 

5.2.2. Experiments at 1.1 K 227 

5.3. Experimental Observations of the Longitudinal Magne- 
toresistance Oscillations of Cylindrical Films of Different 
Metals, and the A AS Effect 230 

5.3.1. Magnesium 234 

5.3.2. Cadmium 236 

5.3.3. Lithium 237 

5.4. Conclusion 239 
References 239 

6. RRILLOUIN-MANDELSHTAM SCATTERING IN MAG- 
NETIC MATERIALS, by A. S. Borovik-Romanov and N. M. 
Kreines 241 

6-1- Introduction 241 

6 - 2 - Magnetooptical Effects and the Mechanism of Light Scat- 

tering in Magnetic Materials 243 
Apparatus and Samples 248 

6 ' 3 - 1 - Apparatus 248 

*j- 3 - 2 - Samples 250 

6 * 4 - Spectra of Thermal Magnons in CoC0 3 251 

6 * 5 - Modulation of Light by Magnetic Resonance in Magnetic 

6 Materials 255 

6 *^- 1 * General Remarks 255 

• 5,2 « CoC0 3 257 



10 Contents 

6.5.3. K 2 CuF 4 259 

6.5.4. RbNiFg [6.23] 261 

6.5.5. Nd 3 Ga 5 12 [6.24] 265 

6.6. Magnon "Bottle-Neck" Under AFMR and FMR 266 

6.7. Light Scattering from Parametrically Excited Quasipar- 
ticles (Magnons and Phonons) in CoC0 3 275 

6.7.1. Parametrical Magnons in CoC0 3 276 

6.7.2. Parametrical Phonons in CoC0 3 286 
References 



Author index 



Subject index 



Preface 



This collection of articles is devoted to three important 
branches of low temperature physics: studies of solid and liquid he- 
lium, free electron motion in metals, and low temperature magnet- 
ism. The discovery of superfluidity and the subsequent works by 
P. L. Kapitza and L. D. Landau commenced a new branch of phys- 
ics—physics of quantum liquids. During the last decade physics of 
quantum crystals also entered this branch, started by theoretical 
works by A. F. Andreev and I. M. Lifshitz. 

The first article concerns quantum crystals and liquids. It is de- 
voted to a new phenomenon discovered by A. F. Andreev, K. K. Ke- 
shishev, and A. Ya. Parshin, viz. crystallization waves in helium. 
Andreev et al theoretically predicted and experimentally observed 
waves with macroscopic amplitude moving along the surface of solid 
helium crystal in equilibrium with superfluii helium. The crystal- 
lization waves are caused by alternate melting and crystallization. 
The phenomenon is a spectacular macroscopic manifestation of the 
quantum laws in condensed media at low temperatures. 

The second article covers investigations of the temperature jump 
discovered by P. L. Kapitza. This jump originates at a solid-liquid 
interface in the presence of a heat flux through the interface. This 
is only observed at low temperatures (in liquid helium), since its 
magnitude is inversely proportional to the temperature cubed. The 
theoretical interpretation given by I. M. Khalatnikov stresses that 
•due to the big difference in acoustic velocities the interface is only 
transmitted by a small fraction of the phonons from the helium in- 
cident on the solid surface at angles smaller than that of total inter- 
nal reflection (~10°). Andreev demonstrated that for the phonons 
incident on a metallic surface at the Rayleigh angle, viz. for phonons 
transforming into surface waves, there should be an anomalously 
strong resonance absorption (for the angle of incidence). The article 
by K. N. Zinov'eva describes the skilled experiments she undertook 
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to study ultrasonic transmission across a liquid helium-metal inter- 
face. These experiments vindicated the theoretical predictions. 

The third article, by Yu. M. Bun'kov, is also devoted to investiga- 
tions of liquid helium, but of its lighter isotope, helium-3. As was 
predicted by L. P. Pitayevskii and experimentally discovered by 
Lee, Richardson, and Osheroff, helium-3 passes to a superfluid state 
that is substantially different from that of helium-4. The main differ- 
ence is that after the Fermi particles, the helium-3 atoms, have paired 
(this process is necessary for superfluidity), the pairs possess nonze- 
ro orbital moment and their spin equals 1. As a result, helium-3 be- 
low the phase transition point (T c = 2.7 mK) combines the proper- 
ties of superfluidity, liquid crystal, and antiferromagnet. Bun'kov's- 
article describes the refrigerator designed and constructed at the 
Institute for Physical Problems to produce temperatures down to 
0.5 mK, as well as the results of studies using pulsed NMR on the 
two superfluid phases, 3 He-A and 3 He-B. The main new result is 
the observation of an instability in the homogeneous spin precession 
in 3 He-A. At the angles of deviation larger than 50° the decay into 
spin waves rises exponentially. This explains why the relaxation 
time of the free induction signal appears to be an order of magnitude 
smaller than that predicted by the simple relaxation theory of ho- 
mogeneous precession . 

The next two articles are devoted to the behaviour of conduction 
electrons in metals. The development of this important branch over 
the last 50 years can be divided tentatively in two. During the first 
stage very pure single crystal samples of metals were investigated. 
The low temperatures and the crystal perfection yielded very large 
electron free paths that were comparable to the dimensions of the 
samples or the electron orbits in the magnetic fields applied to the 
samples. Using a variety of magnetic, galvanomagnetic, and micro- 
wave techniques the Fermi surfaces of many metals were investigated 
and some completely unexpected topologies were discovered. The 
scientists at the Institute for Physical Problems have contributed heavi- 
ly to these studies. The article by N. E. Alekseevskii and V. I. Ni- 
zhankovskii is devoted to the effect of a strong magnetic field on the 
motion of electrons, w T hen the individual sheets of the Fermi surface 
are separated by small energy gaps. The phenomenon of magnetic 
breakdown might therefore arise in a strong magnetic field with elec- 
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trons tunnelling from one orbit to another. N. E. Alekseevskii and 
V. S. Egorov discovered that during magnetic breakdown in beryl- 
lium the resistance becomes oscillatory function of the inverse mag- 
netic field. These oscillations occur for certain orientations while pos- 
sessing a giant amplitude and a very short period. A. A. Slutskii ex- 
plained this phenomenon by saying that the tunnelling proceeds ef- 
ficiently only if the phases of the wave functions of the tunnelling 
electrons change by 2nn tracing the orbits. For this reason the ob- 
served phenomenon was called coherent magnetic breakdown. In the 
article N. E. Alekseevskii and V. I. Nizhankovskii describe in great 
detail their experimental studies of coherent magnetic breakdown in 
beryllium, aluminium, niobium, and ruthenium dioxide. 

The second stage of studying the motion of electrons in metals is 
related to samples with comparatively large disorder in the form 
of impurities, vacancies, or dislocations. The free paths of electrons 
for such samples become comparable with interatomic distances. 
It was shown that theory can predict a number of relationships concern- 
ing the behaviour of such disordered systems. This theory, whose 
foundations were laid down by P. W. Anderson and G. Mott in the 
late sixties, was called the localization theory. A number of its pre- 
dictions were corroborated experimentally, especially, for systems 
of low dimensionality. A very elegant effect wafe forecasted on the ba- 
sis of this theory by Altshuler, Aronov, and Spivak in 1981. They 
predicted that resistance of a cylindrical, disordered metallic film 
should oscillate as a function of a magnetic field oriented along the 
cylinder's axis. The period of the oscillations corresponds to the change 
in the magnetic flux through the cylinder by the value of the flux 
quantum, hc/2e. The article by Yu. V. Sharvin and D. Yu. Sharvin 
describes their experiments in which for the first time this interesting 
phenomenon was observed and they compare quantitatively theory 
and experiment. 

The sixth article in the collection was written by A. S. Borovik. 
Romanov and N. M. Kreines and is devoted to low temperature mag- 
netism. At the Institute for Physical Problems an extended series of 
investigations on antiferromagnets has been undertaken. Most pa- 
ramagnets pass to antiferromagnetic state at temperatures below 
100 K. During the last decade Brillouin-Mandelshtam scattering 
(BMS) of light from spin waves in ferromagnets and antiferromag- 
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nets has been observed at several laboratories in the world (including- 
the Institute for Physical Problems). At the Institute for Physical 
Problems light scattering from spin waves excited by microwave power 
was observed for the first time. This article describes the results of 
this and other experimental work in which the BMS from excited spin 
systems was studied. These experiments provided new data on the 
spectra of spin waves and their relaxation. 



Academician A. S. Borovik-Romanov 



J Crystallization Waves in 4 He 

A. Ya. Par shin, d.Sc. (Ph ys . and Math.) 



LL INTRODUCTION 

In the last lew years Die phenomena taking place at the 
liquid-solid interface in helium have aroused a considerable interest. 
The unique feature of such an interface consists in its ultrahigh mo- 
bility and this due to a practically nondissipative nature of growth 
and melting of helium crystals at temperatures near absolute zero. 
This feature, first predicted theoretically [1.1] and then observed ex- 
per imen tally in different laboratories, ensures a unique possibility 
of direct experimental studies of capillary phenomena in crystals. 
Among the phenomena closely connected with ultrafast helium crys- 
tallization, such as crystallization waves 1 1.4 >j, anomalous sound 
transmission and anomalous Kapitza resistance [1.4-9}, and surface 
phase transitions [1.3, 1.10-13). perhaps the most unusual and easily 
observable seem to be crystallization waves. 

The physical nature of' the ultrafast crystallization phenomenon 
can be understood using the concept of quant uni-mechanical dereal- 
ization of point defects in quantum crystals [1.14]. Actually a striet- 
y nondissipative crystallization can be obtained only with a spe- 
cial ty p< k of coherent motion pre>enl in a two-phase system, as op- 
posed to tin 1 classical situation, where the crystallization process re- 
sults from random transitions of individual particles between two 
phases. In this review we shall try to give a complete picture of the 
status of modern theoretical and experimental studies on ultrafast 
helium crystallization and crystallization waves. The body of the 
review is made up by three sections. Sec. 1.2 contains the modern 
concepts, essential for further exposition, of the general thermodynam- 
ic surface properties of conventional classical crystals and their 
growth mechanism. The exposition is laid out so that the introduced 
concepts could be directly transferred to the quantum case. The basic 
ideas of the current theory of surface phenomena in quantum crystals 
are presented in Sec, %$. f n Sec. 1 i one finds the results of experi- 
mental investigations of helium crystallization processes at low tem- 
peratures and crystallization waves. 
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1.2. SURFACE OF A CLASSICAL CRYSTAL 

1.2.1. Surface Energy and Equilibrium Shape of Crystal 

In crystals, as in liquids, the quantity that characterizes 
thermodynamic properties of a surface is the free energy of the unit 
surface area a which is numerically equal to the minimum work need- 
ed to form this unit surface element [1.15]. For a crystal that is im- 
mersed in a liquid or gas phase and is in complete thermodynamic 
equilibrium with the latter, the quantity a is a function of both tem- 
perature and the two angles and cp 2 . These angles control the orien- 
tation of the surface versus crystallographic axes. In these circumstan- 
ces, the equilibrium shape is determined by minimizing of the 
crystal's surface free energy while volume is kept fixed: 

§ a dS = minimum (1.1) 

s 

The solution of this variational problem in the general case, viz. 
for an arbitrary function a (cp 1? cp 2 ), is given by the known Wulff 
construction (see, e.g. [1.15]). To obtain an equilibrium shape one 
needs to draw a straight line segment from a certain point (as if from 
a center) along every direction characterized by the angles q) x and 
<p 2 whose length is proportional to the value of a for a given direc- 
tion. A plane perpendicular to the segment is drawn at its endpoint. 
The envelope of the derived family of planes defines the equilibrium 
crystal shape. Therefore the requirement of positiveness of the se- 
cond variation in (1.1) leads to the condition a + f a > which 

ensures the stability of a given surface point (see [1.16]). 

When solving concrete problems it might be more convenient to 
use a differential equation of a surface instead of Wulff 's construction. 
Such equation is the Euler one for the variational problem (1.1) with 
an indefinite Lagrange constant incorporated. An equivalent equa- 
tion, yet without indefinite constants, can be obtained from the con- 
dition of phase equilibrium [1.17, 1.18]. Aiming at subsequent ap- 
plications, let us write down this equation in a suitable form with the 
gravitational field also included: 

Here F is the free energy of the crystal unit volume, p x the crystal 
density, m atomic mass, P the pressure inside the liquid near the 
surface (including the additional hydrostatic term), \i chemical po- 
tential of liquid, R l and R 2 the major surface curvature radii, q^, 
and cp 2 the angles read off within the planes of principal normal 
sections. 
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One of the specific properties of crystals which distinguishes them 
from liquids is a specific faceting, viz, strictly plane portions of a 
surface. As was first demonstrated by Landau [1.19], the faceting is 
caused by nonanalyticity of a versus the angles cp x and (p 2 . Namely, 

to produce a plane portion of a surface needs the derivative, for 

a given orientation to experience a finite jump (such surface used 
to be called singular ones [1.20]). And it is the linear size of the plane 
portion that is proportional to this jump value. In Eq. (1.2) this sit- 

uation corresponds to the quantities a + o 2 and, respectively, 

to the curvature radii of surfaces going to infinity. In the same arti- 
cle Landau has demonstrated that such unusual properties of the 
function a (under reasonably general assumptions, the jump 

|2 appears to take place for a surface of any integer Miller indices) 

are eventually due to the presence of the translation symmetry of 
particle positions in crystal. Leaving the analysis of the microscop- 
ic picture that leads to such a conclusion aside to the next Section, 
let us only note here that from the general thermodynamic view- 
point this conclusion seems to be quite natural**. Really, as for any 
thermodynamic quantity, the properties of surface energy consid- 
ered as a function of a surface state are primarily governed by its 
full symmetry group. Therefore, an analytical dependence of a 
on external parameters is to be expected only in the cases when the 
symmetry group parameters are changing in a continuous way. On 
the other hand, considering the angles and cp 2 as external parame- 
ters, we see that in their continuous variation the surface transla- 
tion symmetry is changed in a very complicated, nonanalytical man- 
ner. Thus, the lengths of elementary vectors of translation along 
the surface are, to be rigorous, everywhere discontinuous functions 
of the angles cp x and (p 2 . From this viewpoint, the existence of non- 
singular surfaces characterized by an analytical dependence of a 
on cp x and q) 2 within a certain region of their variation seems more 
impressive. The conditions necessary for the singular and nonsingu- 
lar surfaces to exist are considered in the next Section. 



1.2.2. Surface Structure at T = 

In a microscopic description of a classical crystal surface 
structure one usually uses some surface model. This is most com- 
monly done by using a version of Kossel's model which is perhaps 



* The assumption that — is the discontinuous function in crystals was 

long ago suggested by Gibbs [1.17?. 

2-092 



18 A. Ya. Parshin 



the most effective method to describe surface microstructure (see the 
review by Voronkov [1.21] which contains Kossel's model and its 
closest generalizations, the review of different microscopic models of 
crystal surface in the monograph by Lodies and Parker [1.22], and 
also, reviews by Burton, Cabrera, Frank [1.23], and by Chernov 
[1.16]). Since in this section we aim at giving the most general re- 
presentation of the notions concerned, the content of this model will 
not be presented in any detail. Instead we shall try to avoid any no- 
tions of a model at all using symmetry considerations as the back- 
ground. 

An assumption essentially always used in models of the Kossel 
type to describe a two-phase interface is that it is possible to assign 
unambiguously every particle of a substance to a particular phase. 
Such an assumption cannot always be substantiated in a reasonable 
way, for example in the case of a crystal-liquid interface, due to the 
complicated character of particle motion within the near-sprface 
layer. The only case where such an association raises no doubts is the 
equilibrium state at T = , when the surface of a classical crystal 
is interface with vacuum. We shall start with considering just such 
surfaces, and unless otherwise specified, in all further cases the 
point in question will be the surface of an ideal crystal without any 
defects apart from those found in thermodynamic equilibrium. 

Any macroscopically uniform surface has a definite orientation 
relative to the crystalline axes and is specified by a set of integers, 
viz. Miller indices. Two cases are possible. The surface symmetry 
group can match the symmetry group of the corresponding crystal- 
line plane, one of whose sides is considered to be "external". In the 
other case of a substructure, there is a subgroup of this group. For 
the sake of simplicity we assume that no so-called incommensurate 
structures originate on the surface (studying this special class of struc- 
tures, which is of a great interest, would take us too far away from 
basic aim). We shall consider a surface in the ground state, one in a 
minimum energy state. Any fault in translational symmetry of the 
ground state will be called a surface defect. The energy of any defect 
is evidently a positive quantity. For us, naturally, of the utmost in- 
terest are the defects whose origins are connected with a change in 
the number of particles belonging to a crystal, viz. with elementary 
processes of crystal growth. The energy of formation of such an iso- 
lated defect, evidently, cannot be infinetely small simply because, if 
only one particle was added, the surface state will at once be changed 
in a stepwise manner. Let e be the minimum energy of the iso- 
lated defect on the surface of a given orientation. Then, in equilibrium, 
at r<C £o the concentration of defects will decrease exponential- 
ly. The surfaces with such a property are generally called atomically 
smooth. Clearly, at sufficiently low temperatures, the equilibrium 
surface of any classical crystal is in the atomically smooth state. 
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Of surface defects, those that change the topological structure of 
the surface (i.e., steps and kinks-on-steps) are of a vital importance 
(Fig. 1.1). The step is a linear surface defect that causes surface 
positions on both sides of the defect to differ at infinity by an elemen- 
tary vector of crystal translation not lying within the surface plane. 
The ground state of the step is governed by minimizing the total ener- 
gy under these conditions and by a given step orientation which is 
characterized by the normal vector that lies in the surface plane (or 




Fig. 1.1. A step with two kinks on the atomically smooth sur- 
face. 



by the appropriate two-dimensional Miller indices). With a step in 
the ground state, the rigorous translational symmetry of the surface 
is conserved, yet now only in a single direction, along the step. 
Similarly, the kink is a point defect on a step. It occurs when the step 
positions differ at infinity by an elementary vector of crystal trans- 
lation, which is noncollinear with the step, and the energy has a min- 
imum value. On the step of a given orientation two types of kinks 
are feasible differing in "signs" (Fig. 1.1). 

The topological meaning of steps and kinks so defined lies in the 
impossibility of their production (or annihilation) by adding finite 
number of particles to a crystal. In fact, to produce a defect of the 
adsorbed atom type it suffices for one particle to be added to the crys- 
tal, whereas adding one particle to a kink results only in its displace- 
ment by an elementary translational vector along the step (the 
kink is assumed to be always in the ground state). Thus, the only 
way to destroy an isolated kink-on-step is by "taking it away" to infin- 
ity (the step itself does possess the property like this). With kinks of 
both signs presented on a step, it is possible to annihilate two kinks 
of opposite signs. This means that the behaviour of the "kink gas" on 
a step is regulated by the conservation law of topological charge, viz. 
fo an algebraic sum of kink numbers with a due account for their 
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signs (also, for steps, the conserved topological charge is a two-dimen- 
sional vector quantity following the vector summation law). 

The specific role of the "topologically charged" defects when they are 
produced with a finite concentration (viz. with a finite density of to- 
pological charge) is to change the step (alias, surface) orientation. The 
ground state energy of the new step (surface) may be either higher or 
lower than that of the initial state. Therefore, the statement concern- 
ing the defect energy positiveness is valid only in respect to topo- 




Fig. 1.2. A stepwise surface. 

logically neutral defects, particularly, to pairs of kinks or steps hav- 
ing opposite signs, whereas an isolated kink or step can have both 
positive and negative energy values. 

The concepts of step and kink are indispensable in any theoreti- 
cal description of classical crystal surface structure. Certainly, to 
quantitatively compare theory to experiment a further detalization 
of these concepts by introducing concrete assumptions about the mi- 
crostructure of these objects and character of interatomic bonds is 
needed. Significant progress was made in this way (see reviews 
[1.16, 1.21-25]). However, here we would like to draw attention to 
the fact that the concepts of step and kink, with all their qualitative 
features incorporated, can be introduced by means of symmetry rea- 
soning alone which will ensure possibility of their extension to in- 
clude the quantum case. 

Now we shall demonstrate, according to Landau [1.19] (see also 
[1.26]), that an atomically smooth surface is sure to be singular. To 
do this, let us first consider the concrete case of the (001) plane in a 
cubic crystal. The surface energy of the plane is a certain quantity 
a . The planes are inclined to the initial one at a small angle cp, 

viz. the family of planes (OliV), where N = — (Fig. 1.2), at a suffi- 



Crystallization waves in 4 He 



21 



ciently large N can be considered as steplike ones. Actually, accord- 
ing to the definition, the step has a finite width that is an effective 
size along its normal (this size is, generally speaking, of the order of 
an elementary translation vector on the surface). By taking into ac- 
count that the energy of interaction between steps decreases with 
distance as r" 2 [1.27, 28], it is possible to neglect this interaction. 
Therefore, at a sufficiently small cp, the surface energy, a (cp), with 
due regard for the linear term in cp, is simply a sum of the initial sur- 
face energy a and of the step energy per unit area: 

a = a + e s -f 

where e s is the energy of unit length of one step and a the step height. 
Eventually, noting that the "negative" steps produced in changing 
the sign of cp have the same energy e s as the above "positive" ones, 
we arrive at 

cc = a + e s I|J (1.3) 

from which it is seen that the derivative at a> =^ n 

does undergo a finite jump = Next, according to the p^per 

cited above, it could be possible to demonstrate, with due regard 

dot 

for the step interaction, that the jump,— , takes place on any facet 

(01 TV), too. Yet it is clear that to establish that there is discontinuity 

in the derivative^ is now quite superfluous. Actually, if one starts 

with the above definition alone, rather than using any pictorial pre- 
sentation of the step structure, the last conclusion will remain valid 
provided a facet of any integer Miller indices in a crystal of arbitrary 
symmetry is chosen as the "initial" one. The only thing required 
to make the proof valid is finiteness of the step width and positive- 
ness of the energy of a pair of steps with opposite signs which are de- 
fined on the given "initial" surface. In other words, the proof is valid 
if the step exists as a linear defect of an atomically smooth surfa ce . 
Naturally, in the general case, the symmetry of the "positive" and 

"negative" steps vanishes, so that in an expression for A^t instead 

of 2e s , one has to write a sum of the energies of the "positive" and 
"negative" steps. In addition, it should be remembered that the ener- 
gy of a step is essentially a nonanalytical function of the initial sur- 
face orientation. 
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1.2.3. Surface Structure at T V= 

At finite temperatures, the structure of an atomically 
smooth surface becomes complicated because of the surface defects 
in the thermodynamic equilibrium. It is clear that at sufficiently 
high temperatures, when the defect concentration is close to the atom- 
ic one, such concepts as step and kink will largely lose their mean- 
ing. The surface structure under these conditions came to be an ob- 
ject of numerous studies (see the reviews [1.16, 1.21-251). We shall 
try to give the answer to this question by essentially following the ar- 
ticle by Burton and Cabrera [1,29] but by avoiding, as before, any 
model assumptions. 

Let us first note that the proof of the singularity of an atomically 
smooth surface can be extended without any major changes to the 
case of an isolated step. The only point needed to make the proof is 
the introduction of the' concept of a kink as a point defect on the 
given step being in the ground state. Let e s (0) be the energy per unit 
length of such step at T = 0. Then for the steps inclined to the ini- 
tial one by the angle cp, we have 

f 2±-<p, cp>0 

*(<P) = *(0)+{ e (1.4) 
{ -f <P> <P<0 

where e+ and e_ are the energies for "positive" and "negative" kinks, 

respectively, and a the kink height, so that A~£ = (e+ + e_) a" 1 . 

Now, by considering e s as a function of the kink concentration, we 
have 

e 8 = e s (0) + e,+n+ + E.ri- 

By introducing the concentration of kink pairs n = n+ ~^ n - , an d 
allowing for q> = a (n+ — nJ), we arrive at 

de 3 = (e+ + e.) dn + ^ (1.5) 

whence it is seen that the quantity 8+ + e_ = ^ = \i is the 
chemical potential of a pair. This quantity, and, consequently, the 
jump proportional to it, are positive. This fact ensures a mini- 
mum value for the energy of the step ground state when pairs are by 
definition absent. 

Now let T > 0. Here e s should be taken to mean the free energy 
per unit length of a step (at T = the distinction between energy 
and free energy has been meaningless). Furthermore, at the given T 
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and cp the concentration of the equilibrium pairs is now nonzero (n « 
^ exp ( — ^) at T <C \i ) ana " tne condition of equilibrium boils 

■down to the quantity ^ , that is the pair's chemical potential 

on T,q> 

has vanished. The jump A^ taken along an equilibrium curve also 

vanishes together with this potential. Thus, the step is nonsingular 
at finite temperatures. As will be shown the surface can also become 
nonsingular at rather high temperatures. The surface (or step) states, 
for which there are no singularities, are called atomically rough. 

The production energy of a kink pair is, as it has been shown, a very 
essential feature of the step state: vanishing of this quantity will 
produce an atomically rough state. Concerning a surface, an analog- 
ous role is played by the production energy of a pair of steps, since 
zeroing this quantity ensures vanishing the singularity of the sur- 
face enegry a. The difference is caused by the fact that, for linear de- 
fects like steps, this can only occur at a suBiciently high tempera- 
ture. Indeed, kinks, like any other point defects, emerge with a finite 
small concentration even at low temperatures (this means the produc- 
tion energy of such defects is zero at an arbitrary finite temperature). 
Also, for steps, as for all other linear defects whose energy is 
proportional to its length L, their equilibrium number [ ^ exp 
{— e s L/T)] is zero at any positive value of e s , since the exponent con- 
tains a macroscopically large length. 

Now let us follow the temperature dependence of the production 
energy. This is the free energy of a steps' pair (it will be noted, as 
before, by e s ) located on an atomically smooth surface. Let us ne- 
glect point defects except for the kinks on the very steps. The equi- 
librium kink concentration builds up with temperature. Along with 
it, the number of statistically significant kink configurations on ev- 
ery step and hence the pair entropy S s are rapidly increased. Noting 
de 

that S s = — we see the pair free energy e s to be reduced with the 

temperature increase and to be zero at a certain temperature T R . 
Taking into account the interaction between the steps and point de- 
fects like adsorbed atoms and surface vacancies (closed steps of a finite 
length whose equilibrium concentration near T R are also rapidly 
increased) does not qualitatively change this conclusion. Instead, it 
strongly hampers both the calculation of T R and studies of the tem- 
perature dependence of e s near T R . 

Producing an isolated pair of steps at T> T R decreases the surface 
free energy. Therefore, in equilibrium the pairs exist on a surface 
and their number is found from the equilibrium condition which is 

* This is the "roughening transition" temperature as will be seen 

at the end of the subsection. 
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derived from the vanishing derivative of the total surface free ener- 
gy with respect to the number of pairs. In other words, the pair pro- 
duction energy e s with a due regard for interaction of this pair with 
other pairs and point defects, vanishes at T > T R (similar to the 
chemical potential of a kinks' pair on a step at T > 0) and the sur- 
face itself becomes,* as a result, atomically rough. 

From the topological point of view, vanishing of singularity in the 
angular dependence of surface energy is connected with breakdown 
in the long-range order. Indeed, on an atomically smooth surface 
without any steps, the long-range order is conserved even with point 
defects available (similar to a conventional three-dimensional crys- 
tal where the long-range order is conserved with available vacan- 
cies). The steps, viz. defects of topological significance, destroy the 
long-range order (as in the analogy with the three-dimensional crys- 
tal one can say that the emergence of steps plays the same role as 
the initiation of a plastic deformation in a crystal). An atomically 
rough state might be said to emerge as a result of averaging over ori- 
entation adjacent to those of the initial atomically smooth surface. 
The vanishing of a singularity is a natural outcome of such averag- 
ing. It is necessary to note, however, that the term "atomically 
rough state" does not uniquely correspond to the surface topological 
type. In fact, as was demonstrated by Marchenko [1.301, on the 
given atomically rough surface several different types of topological 
order can occur that replace one another, when the temperature is 
changing. 

The transition from an atomically smooth state into the atomi- 
cally rough one, insofar as it is connected with the vanishing of a 
mathematical singularity of the function a (cp x , cp 2 ), must proceed 
as a phase transition. This is usually called a "roughening transi- 
tion" following Burton and Cabrera [1.29] who were first to study such 
transitions (Andreev [1.31] proposed a phenomenological approach 
to the problem and introduced the term "faceting transition"). A 
vast amount of works, especially in the last few years (see reviews 
[1.32-33]), are dedicated to the problem of roughening transition, 
which has proved to be intimately connected with that of two-di- 
mensional phase transitions. Presently, the question of greatest in- 
terest is the role played in the roughening transitions by quantum 
effects [1.13, 1.34-36]. 



1.2.4. Some Problems of Growth Kinetics 

Now we shall very briefly outline the question of growth 
kinetics in a classical crystal influenced by surface structure. More 
precisely, the only item we shall be interested in is the behavior of 
the growth kinetic coefficient under a small oversaturation. This is 
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represented by the quantity K = ^ at 8[i-> 0, where V is the dis- 
placement rate of an interface with a given orientation, and 6(a 
is the difference in chemical potentials between the crystal and me- 
dium. No substantially novel ideas are required to elucidate this 
question. Unless otherwise specified, let us stress that the point in 
question concerns the surface of an ideal crystal. Hence we shall not 
consider the growth processes due to the presence of disloca- 
tions. 

Let us start with an initial atomically smooth surface at a cer- 
tain finite temperature. To be specific, the crystal will be assumed to 
have grown from a gas phase. In equilibrium the surface contains a 
certain number of point defects of the type of adatoms and sur- 
face vacancies. The process of continuous crystal growth can be im- 
agined as the result of a gradual build up of particles on the crystal 
that is caused by the increase in the number of adatoms and the de- 
crease in the number of vacancies. However, such a process on an atom- 
ically smooth surface is always accompanied by an increase in the 
surface energy in proportion to the surface area. It is easy to check 
this fact because the surf ace remains atomically smooth even at very 
low temperatures when the equilibrium number of defects is ex- 
ponentially small. In this case, when the excess number of defects, 
N s , becomes much greater than their equilibrium number the change 
in the surface energy will be equal to e iV s , where e is the energy of 
one defect (the difference between free energy and energy can be neg- 
lected owing to the smallness of temperature). The change in the sur- 
face energy will increase with N s up to values of the order of the atom- 
ic concentration, when the interaction between defects should be 
considered. When the temperature is increasing this surface proper- 
ty cannot vanish other than via a phase transition. Such a transi- 
tion will be shown to become nothing other than the "roughening 
transition", only specified in other terms. When microscopic surface 
"displacements" take place, an increase in the surface energy in pro- 
portion to the surface area means it is impossible for a crystal having 
an atomically smooth surface to grow continuously. Having pro- 
duced the small oversaturation, 6 |i, the two-phase system, together 
with the surface, will fall into a certain metastable state. The pre- 
sence of the latter is an additional indication that enables an atomi- 
cally smooth surface to be discriminated from an atomically rough 
one. 

The growth of a crystal with an atomically smooth surface can pro- 
ceed via formation of nuclei of new atomic layers. Given 8[x, there 
exist a definite critical size of nucleus which ensures its further 
growth. This size is determined by the vanishing of the variation in 
the system's total free energy when a small number of particles, 
6iV, passes from one phase to another. If this size is large compared 
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to the lattice constant, a , the nucleus energy will be that of the nu- 
cleus boundary (the boundary in this case is a closed step with the 
length L) e s L, where e s is the free energy per unit step averaged over 
all orientations. 

Equating the variation of this quantity to that of the volume free 

energy, 6p,8iV, and taking into account 8L~ =- 8N (n is the 

number of particles per unit crystal volume), we shall obtain 

£ cr ~— x- (1-6) 
cr a n Q 0\i x ' 

viz. the critical size grows infinitely at 5|j, — >- 0. On the other hand, 
the probability of producing a critical nucleus per unit time, viz. 
the growth rate, V, is proportional to exp ( — e B L CT /T). So, it is seen 
that for such a process the kinetic growth coefficient, K, vanishes. 
Moreover, the growth rate remains practically zero up to very large 
values of the 6u. (about e|/a rc o r), thus making it possible for meta- 
stable states to exist. 

Consider the case when the surface is atomically rough. Now 
e s = 0, the critical size according to (1.6), will also vanish. In 
other words, even atomically sized "nuclei", at however small S[x, 
are critical (let us remember that the production energy of any de- 
fect including point defects, is zero in an atomically rough state of 
surface). It is clear that in this situation no metastable state will 
take place. Similarly the dependence of surface energy on surface 
"displacement" will also have no sense. 

Thus, a continuous normal growth of a crystal with an atomically 
rough surface is possible. The kinetic growth coefficient has a finite 
magnitude which is defined by the probability of one particle at- 
taching to the crystal per unit time. A rough estimate of K (of its 
classical upper limit, to be more precise) can be obtained in the fol- 
lowing way. Let 6 |x be very large, i.e. of the order of thermal energy, 
mV\. The maximum possible velocity of interface motion, V, will 
be obtained if we assume a particle in a gaseous (or liquid) phase 
is to be attached to a crystal in every collision with the surface 
while reverse processes do not occur. In this case V ~ V t - If we a ls° 
assume that the linear dependence V = K*6\i is conserved down to 
the smallest 8|i, we obtain the estimate: 

K ~sk W 



viz. the classical upper limit for the quantity K is just equal to the 
characteristic inverse momentum of particle. 
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1.3. SURFACE OF A QUANTUM CRYSTAL 

1.3.1. Quantum-Rough State 

It is well-known that in conventional crystals the quan- 
tum-mechanical indistinguishability of the molecules (or atoms) 
that form a crystal does by no means influence its properties. The low 
temperature heat capacity of a crystalline lattice, for example, is 
controlled by the Debye law irrespective of the molecules' intrinsic 
statistics. The reason is that in a conventional crystal one can take 
each molecule apart by its link with a certain site of the lattice. 
Quantum effects manifest themselves only through the presence of zero 
oscillations whose amplitude is small compared to the interatomic 
distance. Zero oscillations do not disorder positions of the crystal 
particles since the exponential probability of two adjacent particles 
exchanging sites can be neglected. According to Andreev and Lif- 
shitz [1.14], the quantum crystal is a crystal, in which, owing to the 
comparatively large amplitude of zero oscillations, this probability 
can not be negligible. A quantum crystal is specified, first of all, by 
the character of motion of the point defects. In conventional crystals 
the motion of point defects just like vacancies, is a diffusion process 
because of the possibility that these defects may make thermoacti- 
vation jumps into an adjacent site. In a quantum crystal such pro- 
cesses occur via quantum tunnelling, even at zero temperature. Fur- 
thermore, during thermoactivation diffusion the successive jumps 
are quite random and have no intercorrelation while in quantum diffu- 
sion they represent, on the contrary, a unified coherent process be- 
ing exactly analogous to the motion of an electron in a periodic po- 
tential. Here the so-called quantum-mechanical derealization of 
point defects takes place, viz. each defect transforms into a quasipar- 
ticle whose state is specified by the definite magnitude of quasimo- 
mentum (and of energy). It is clear that in studying the surface pro- 
cesses in a quantum crystal the coherent character of the motion of 
the point defects has to be accounted for in a proper way. It is this fact 
that served as a starting point for the theory presented here [1.1]. 

As it already has been noted classical theory is faced with tremen- 
dous difficulties when describing the microscopic structure of a crys- 
tal-liquid interface because an unambiguous identification of each 
particle with a particular phase is impossible owing to the complicat- 
ed character of particle motion near the interface. Only at fairly 
low temperatures, when the second phase is a rarified gas can such 
an identification of particles become feasible. The need for explicit 
accounting of quantum-mechanical indistinguishability of identical 
particles at an interface between a quantum liquid and a quantum crys- 
tal makes their individualization impossible at any temperature. 
In the microscopical description of the surface structure one would 
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have to use a density function which is periodic in the crystal bulk 
and particular constant in the liquid bulk. Transition region between 
these two asymptotics has a width which is the effective thickness of 
a boundary and equal to several interatomic distances. Thereby many 
concepts generally used in models like Kossel's appear to be de- 
, void of any immediate physical sense. The concept of point defect of 
the adatom type, for example, cannot be generally formulated in any 
clearcut fashion in the quantum case. 

The foregoing does not, of course, mean that the quantum surface 
is not a physically well-defined two-dimensional object. First of all r 
for the position of the surface to be unambiguously defined it is suf- 
ficient to have a conventional condition of the absence of particle 
surface density [1.15]. Also such concepts as step and kink-on-step 
can be introduced in the quantum case in a perfect analogy the clas- 
sical atomically smooth surface introduced in Section 1.2.2. For 
example, a step on a surface corresponds to the state of the interface- 
when its positions at infinity (to the left and to the right) in Fig. 
1.1 are displaced by an elementary vector a of crystal translation not 
lying on the surface plane. Owing to crystal periodicity and liquid 
homogeneity, the displacement by the translation vector transforms 
the interface into an equivalent position. Hence, the step is a linear 
defect on the surface and, essentially, only this property of the sur- 
face is vital for the subsequent discussion. Here we repeat that the 
concept of step and, analogously, that of kink-on-step located on a 
surface of arbitrary integer Miller indices can be introduced in this- 
way. 

The state of a step is governed by the configuration of kinks locat- 
ed on it. Eack kink can be considered as a point defect-on-step. As- 
sume that in an equilibrium state at T = the surface has an orient- 
ed step with a kink over it. Displacing the kink by an elementary 
translation vector along the step means a particle transition (here 
a helium atom*) from one phase to another. The probability of such 
transitions are finite even at T = due to processes which are simi- 
lar to quantum tunnelling. The kink energy is not changed under 
such displacements, since the chemical potentials of phases in equi- 
librium are the same. This means that the kink, similar to other 
point defects in a quantum crystal, behaves under these conditions 
like a delocalized quasi-particle whose state is controlled by the qua- 
simomentum. 

The kink energy, e s , is a function of the kink quasimomentum, p 
(see Fig. 1.3), with the energy band width, A, proportional to the 
probability, w, of one atom tunnelling per unit time, viz. A~ hw+ 



* To be precise, we consider the interface between solid and liquid 

helium, even though the exposed reasons have, undoubtedly, a more general 
meaning. 
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Here this probability is apparently not less than the corresponding 
probability which defines the width of a vacancion band in 4 He, 
viz. the magnitude of A is expected to be about 1 K. 

Let po be the value of quasimomentum corresponding to the ener- 
gy band bottom. For an isolated kink, this state at T = is station- 
ary (and ground). The stationary states closely spaced in energy cor- 
respond to nonzero kink velocities and thereby to a continuous flux 
of matter from one phase to another. In other words, the transition 




Po p 



Fig. 1.3. Energy band of an isolated kink. 

of matter from one phase to another is a coherent process not related 
to any energy dissipation. In fact, a violation of the coherency could 
take place only owing to collisions between kink and phonons or to 
an emission of the latter. At T = 0, however, there are no thermal 
excitations and the processes of phonon emission at low kink veloci- 
ties are forbidden by the conservation laws of energy and momentum. 
Let us also emphasize that the states are not separated from the 
ground state by a finite energy gap. Thus, the isolated kink exemplifies 
a system with stationary states infinitely close in energy to the 
ground state and is specified by the presence of a continuous flux of 
matter from one phase to another. 

As for any classical defect, the energy of an isolated kink, e , 
is a positive quantity*. On the other hand, the localized kink is a 
"packet" composed of states with arbitrary values of p. Therefore, 
the value of e lies approximately in the middle of the energy band. 
If the energy corresponding to the band bottom, e (p ), is positive, 
then there are no kinks in the step ground state, viz. the step at 



* More precisely, this is the total (summed) energy of two kinks 

with opposite signs (see Sec. 1.2.2). 
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T = is atomically smooth. If the value of A is adequately large- 
(roughly speaking, 2A > e ), then e (p ) < 0, viz. the step energy 
decreases when producing kinks with p = p . In other words, the 
atomically smooth state appears to be unstable in regard to kink 
production (more precisely, in regard to the production of opposite 
sign kink pairs since under the fixed mean orientation of a step the 
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(a) (b) 
Fig. 1.4. Possible types of kink collisions. 

production of kinks with only one sign is impossible). To elucidate 
the stucture of the step ground state allowance need to be made for 
the interaction between kinks. 

When colliding, two kinks of the same sign can exchange their qua- 
simomenta (Fig. 1.4a). If kink signs are opposite, besides this kind 
of collision it is possible for a collision to be accompanied by a 
"flip-over" into an adjacent row (Fig. 1.4b), generally speaking, the 
probability of this process being not so low. In fact, at distances 
longer than the interatomic distance, the interaction between kinks 
is generally effected by the elastic deformation field inside a crystal 
[1.27]. In this case we have 

U(r)~±-L (1.8) 

where E is the Young's modulus (under Van der Waals interaction 
U ~ r -4 [1.19]). On the other hand, at a distance comparable to the 
interatomic distance we evidently have U (r) oo e . The probability of 
the "flip-over" is the same as the probability of a particle tunnelling 
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through the potential barrier. The barrier is specified by the function 
U (r) and under these conditions the probability may range up to 
about unity. If the energy e (p ) is not too close to zero, viz. if 
I 8 (Po) I ~ A, sizable interaction between kinks will only be at 
distances of the order of interatomic separations. 

Thus, in increasing the kink concentration on a step the latter's 
energy will be decreased until it will reach a minimum at a particular 
concentration (which is, generally speaking, of the order of the atom- 
ic concentration). Such a step may be called "quantum-rough" 
since it involves a large number of kinks even in the ground state. 
An essential property of this step is the presence of states that are 
infinitely close to ground state energy and correspond to a step's 
continuous motion accompanied by particle transitions from one 
phase to another. The availability of such states is guaranteed by 
the processes of flip-over into an adjacent row. Thus, the quantum- 
rough step seems to be totally delocalized when on crystal surface. 

The total energy of a quantum-rough step, e s , (calculated per 
length of elementary translation vector along the step) may prove ei- 
ther positive or negative depending on whether the positive energy of 
a "bare" atomically smooth step*, e so , compensates for the negative 
energy of the delocalized kinks with their interaction incorporat- 
ed. If e s >> for all possible orientations of a step on the surface at 
hand, then the surface ground state will have no steps, and at T = 
= the surface will remain in a classical atomically smooth state. 
If e 8 <0, even for only a pair of opposite orientations of the step, 
then the atomically smooth surface will prove to be unstable for 
producing such steps. Thus, a surface in equilibrium will represent 
a specific two-dimensional liquid consisting of delocalized steps of 
different configurations. The number of each sort of step is evident- 
ly not fixed and is determined by the minimum total energy. With 
this property in mind, such a surface will be called "quantum-rough". 

Since the quantum-rough surface is in equilibrium at T = 0„ 
its entropy must vanish. In connection with this, it will be useful 
to note the following. The entropy of a classical atomically rough 
surface is due to the presence of a large number of microscopic con- 
figurations corresponding to the same macroscopic state (configura- 
tional entropy). Therefore it is not zero and this is why the classical 
atomically rough surface cannot exist as a surface in equilibrium. 
Therefore, this brings into question the very possibility of the exist- 
ence of a surface state which differs from the classical atomically 
smooth one, at absolute zero. A simple example demonstrates wheth- 
er this is possible in practice. Consider a step with a single kink. 

The localized kink states are degenerated with the multiple — y 



The case at hand are again two kinks with opposite signs. 
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where L is the step length and a t the translational vector length along 
the step. Therefore, the configurational entropy of such a system is 
In (Lla x ). The quantum derealization resulting in the band e (p) 
removes this degeneration thus eliminating configurational entropy. 

The general information in Sec. 1.2 relative to an equilibrium crys- 
tal shape and, in particular, to its connection with the character of 
the angular dependence of a, still remains valid in the quantum case. 
However, in contrast to the classical crystal surface, the surface in 
the quantum case could be nonsingular even at T = 0. Indeed, we 
have already seen that in a quantum-rough state, the number of 
steps is nonzero even at zero temperature and is in turn determined 
by the condition of minimum surface energy. In other words, the 
energy production of a pair and along with it the quantity Ada/dq) 
also vanish just as in the case of a classical atomically rough state. 
It goes without saying that the same crystal may have both quan- 
tum-rough and atomically smooth parts of the surface. An equilibrium 
facet pattern of such a crystal has a number of flat facets encir- 
cled by rounded-off parts. 

As we have seen, the possibility of producing a quantum-rough state 
is determined by the "strength" of the quantum effects. As can be 
seen from the experimental data, we deal with a most interesting 
situation in the case of the 4 He crystal. In this crystal the quantum de- 
localization effects are not too strong so that at least three nonequi- 
valent facets remain atomically smooth. It is possible in this case 
to further detail the properties of surf aces oriented close to the atom- 
ically smooth facets, i.e. of the surfaces with very large Miller in- 
dices, since these "singular" facets have the most dense packing (the 
last feature, as will be seen later on, is perfectly natural). 

This possibility was already indicated by Landau 11.19]. Indeed 
let us again consider a facet (001) of a cubic crystal as an initial "sin- 
gular" facet. Then (OliV) type facets can be considered as stepwise 
provided N is adequately large. The steps on the facets (OliV) can 
be treated as "faults" in the periodic arrangement of the initial steps 
(Fig. 1.5). The energy of a pair of such "secondary" steps, e 8 (AO, 
can be calculated if the long-range interaction of initial 
steps is known. In the work [1.19], the energy e s (N) (to be exact, 
the quantity Ada/dcp which is unambiguously connected with the 
energy) was calculated assuming that the long-range interaction be- 
tween steps is the Van der Waals type (U OC r -3 ). If we recognize that 
the elastic interaction (U OC r -2 ) is stronger, then we shall obtain 
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(1.9) 



where a is Poisson's ratio, E is Young's modulus, £ is Riemann's zeta 
function, / and P are the interaction parameters of the initial steps 
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(see [1.27]). Accordingly, Ada/dq* = a$ e s {N)CCN-* (the height 
of the "secondary" step, a N , is evidently equal to a s /N). In a 
perfectly analogous manner, it is possible to calculate the energy of 
a pair of "secondary" kinks, viz. of the kinks on atomically smooth 
(liV) steps which are slightly inclined relative to the (01) step. 
In this case, obviously, we have 8 (N) OC N~ b . 

Consider now in more detail the (liV) steps while allowing for the 
effects of quantum derealization. The role of the quantum effects 





Fig, 1.5. "Positive" and "negative" steps on the (01 N) facet. 



grows with A, the width of the energy band of a kink on the initial 
(01) step. Initially, let A be small as compared to the energy of a 
localized kink, e (due to symmetry of the initial step the energies of 
the "positive" and "negative" kinks are the same). In this case, the 
(17V) steps will consist of kinks of only one sign. Such a system at 
large N can be studied in great detail (including at finite tem- 
peratures provided that the number of thermally produced pairs is 
not so large, viz. at T <C e ). Let us consider the basic properties of 
this system. Let us take T = 0. If iVisnot too large then the inter- 
action between steps will result in their localization. To do this 
requires that when one kink is shifted by interatomic distance, a , 
the energy C/ lnt of its interaction with all remaining kinks would 
change by a quantity larger than A. Assuming for simplicity that 
U lni ~ e ( fl o /r ) 3 (f° r the step itself to be stable requires a repulsive 
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interaction), we obtain the localization condition: 



(1.10) 



Localizing the steps means that the quantum effects can be neglected 
and this, in turn, automatically leads to the conclusion that the step, 
like any classical step at T = 0, is in an atomically smooth state. 
It should be noted that the condition for the conservation of the atom- 
ically smooth state can be obtained directly by comparing the ener- 
gy of a localized "secondary" kink, e (N), with the band width, 
A N , that occurs due to kink derealization. Noting that e (TV) « 
tte N~ 5 and that at large N the value of A N is practically the same as 
A (each is controlled, essentially, by the same probability of attach- 
ing one atom to a crystal per unit time), we see that this condition 
is exactly equivalent to that of (1.10). 

In the opposite limiting case of large N, the kink-on-step repre- 
sents a one-dimensional "gas" of quasiparticles and at T = this 
gas, certainly, cannot be thought of as an ideal gas. The peculiar 
feature of this gas is that its particles being identical in their charac- 
teristics are distinctive because each kink belongs to a definite crys- 
talline row. When moving along a step, the kinks cannot exchange 
their sites, i.e. they are mutually impenetrable. With long-range 
interaction neglected, such a gas is equivalent to a one-dimensional 
gas of solid spheres. The energy spectrum of the latter is known 
[1.37] to exactly match the energy spectrum of a one-dimensional 
ideal gas of spin-polarized fermions. The criterion for the ideal 
state of such a Fermi-gas is the smallness of the elastic interac- 
tion energy (e N~ 3 ) compared to the Fermi-energy (AiV" 2 ), viz. 



Finally, notice that in analyzing the collective oscillations in a 
kink gas one has to take into account a specific interaction of kinks 
"via liquid". This is due to the fact that kink motion is always ac- 
companied by a liquid phase motion. Therefore, when two kinks are 
moving at the velocities of V 1 and F 2 , the kinetic energy of the liquid 
is augmented by a term proportional to the product V X V 2 . The 
corresponding interaction energy is 

u = a i (pi— p 2 ) 2 V1V2 a i2) 

2jx p 2 r \ • / 

where p x and p 2 are the densities of crystal and liquid, respectively, 
r is the interkink spacing (the corresponding Hermitian operator 
looks much more complicated). This interaction must be accounted for 
because its long-range character leads to a logarithmic divergence 
in energy when the kink gas moves as a whole (essentially, it is 




(1.11) 
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this interaction that is incorporated macroscopically when the 
crystallization wave spectrum is calculated, see Sec. 1.3.3). 

Now let us return to consider the possible states of surfaces with 
large Miller indices at T = 0. The state of the (OLY) surface, adjacent 
to the initial atomically smooth (001) surface, is governed by the state 
of its constituent steps, viz. the (01) ones. If an isolated (01) step 
is quantum-rough, then at a sufficiently large N the (OliV) surface 
will also be quantum-rough. In fact, a step's quantum-rough state 
means that it is delocalized, which in turn makes it impossible to 
form substructures in the steps system such that correspond to to- 
pological defects of the "secondary" step type. Step derealization, 
however, can become disadvantageous from the energy standpoint if 
its interaction with other steps is sufficiently strong. The correspond- 
ing condition (this can be obtained essentially from the same 
reasoning as in the kink-on-step case) is 

(^- s ) 1/4 (1.13) 

Next, if the (01) step is atomically smooth, the adjacent (likf) steps 
must be quantum-rough [see condition (1.10)]. Accordingly, the 
(1, M, MN) surfaces also appear to be quantum-rough at a sufficiently 
large M and N. Here the criterion to localize primary kinks, and 
therefore, steps, boils down, like (1.10), to requiring that the quanti- 
ty A is small compared to a change in the interaction energy of a 
given kink with the remaining ones (when this kink is displaced by an 
interatomic spacing). The corresponding condition is, evidently, 
governed by concrete parameters of the two-dimensional lattice 
produced by kinks. 

Thus, we see that, given that the quantity A characterizing the 
"strength" of quantum effects is small, surfaces with sufficiently large 
Miller indices always turn out to be quantum-rough. Therefore, 
surfaces with the smallest Miller indices, viz. the most densely packed 
ones have the highest "chance" to retain an atomically smooth 
state. Such a situation is similar to that in a classical crystal at 
finite temperatures. There is, however, an appreciable difference. At 
finite temperatures each step turns out to be rough, whereas the most 
densely packed steps can, generally speaking, remain atomically 
smooth when quantum effects are present and T = 0. Hence, at 
T = the (017V) facets can remain atomically smooth at infinitely 
large N, whereas at T > these facets are rough. 

When considering the properties of surf aces (and steps) with large 
Miller indices, we, naturally, assumed these surfaces (steps) to 
exist at 7=0. In connection with this the following should be not- 
ed. As was demonstrated by Marchenko [1.38], in equilibrium crys* 
tal edges, viz. common boundaries of two planes converging at a 
finite angle cannot exist on the surface of any crystal with sufficient- 

3* 
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ly large dimensions. Thus, surfaces of arbitrary orientation must be 
presented in the equilibrium facet pattern of a crystal. The proof is 
based on the fact that, with due regard for striction effects, the crys- 
tal edge energy becomes negative making a substructure without 
macroscopic edges advantageous from the energy standpoint. The 
analogous proof is not valid, however, if applied to a step. Hence, 
there is, in principle, a conceivable situation when steps lacking all 
orientations exist on a given atomically smooth surface. For exam- 
ple, (IN) steps cannot exist in the case of attractive interaction be- 
tween the kinks of the same sign, which is possible [1.27]). In this 
circumstance, the statement that surfaces of sufficiently large Miller 
indices must always be quantum-rough is invalid. 

1.3.2. Coherent Crystallization 

A crystal with a quantum-rough surface can grow (or 
melt) either by extending the surface confined by each step or by pro- 
ducing new atomic layers during the collisions of two steps (this pro- 
cess is analogous to flip-over to adjacent rows during collisions be- 
tween two kinks). These and their reverse processes are responsible 
for the existence of a system's stationary states being infinitely close 
to the ground state. A continuous growth and melting occurs in 
these stationary states. Under such conditions the growth and melt- 
ing of a crystal present a coherent process which does not pertain in 
principle to any kind of energy dissipation. Thus, the motion of the 
interface at T = occurs without disturbing phase equilibrium. 
In other words, the kinetic growth coefficient of a crystal with a 
quantum-rough surface becomes infinite at zero temperature. 

The situation with atomically smooth surfaces is reversed. Indeed, 
at T = an atomically smooth surface in equilibrium contains 
no defects. Therefore, the growth of a crystal having such a surface 
can only occur via producing nuclei of new atomic layers, i.e. closed 
steps of a finite length whose energies as defined above are positive. 
With a finite interphase difference in chemical potentials, 8|x, it is 
possible for a critical size nucleus to be produced in a quantum under- 
barrier way [1.39]. At fiu,-*- the critical dimension increases in- 
finitely and the probability of this process rapidly (exponentially) 
approaches zero so that lim V/8\i = 0. Consequently, the kinetic 
growth coefficient of a crystal with an atomically smooth surface 
vanishes even with quantum effects added. This result is valid at 
finite temperatures, as we have seen in Sec. 1.2.4, and when nuclei 
are produced via thermoactivation the growth coefficient also 
vanishes. 

The presence of stationary states that fit to the continuous growth 
and melting of a crystal provides a new property with which to iden- 
tify quantum-rough surface states. Since crystal growth occurs with- 
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out any equilibrium violations, the growth rate must be viewed as a 
thermodynamic variable. To be exact, the phase equilibrium condi- 
tion (1.2) is supplemented by additional terms which are related to 
the kinetic energy of bulk phases. In addition, surface energy be- 
comes dependent on both the growth rate and the velocity of the tan- 
gential component of the liquid phase velocity relative to crystal 
phase. Accordingly, the form of the surface tension tensor that con- 
trols capillary crystal forces will also be changed [1.27-28, 1.40]. 
These items greatly complicate the problem of setting out a complete 
system of equations for surface motion. As yet, this problem has 
not been solved. However, to find the surface small oscillation spec- 
trum in the long-wave limit (see the next Sec.) all these specula- 
tions are immaterial. Their incorporation leads either to nonlinear 
(in velocity) effects or to additional terms that appear in the spec- 
trum and contain higher (as compared to the principal ones) 
powers of wave vector. 

At finite temperatures, the growth of a crystal with a quantum- 
rough surface is accompanied by energy dissipation caused by the 
interaction between bulk thermal excitations and the moving sur- 
face. Let us evaluate the dissipation due to phonons. When falling onto 
the interface as viewed from the liquid phase phonons produce the pres- 
sure jP P h~ E ph ~ nT 41 /^ 3 , where n is the number of atoms per unit 
volume, 8 the Debye temperature, 2? ph the phonon energy per unit 
volume. Under equilibrium that is with a fixed interface, this pres- 
sure is compensated for by the solid phase pressure. If the interface 

V 

moves with the velocity T, then a pressure drop SP P h ~ —^vh ( c 

is sound velocity) due to Doppler effect is directed by the interface 

V 2 

against the motion. As a result, energy of the order of y^ph is 

dissipated per unit time and per unit area. On the other hand, the 

same energy dissipation is equal to 6\i-N, where 7V~ nV is the num- 
ber of atoms passing per unit time from one phase into another, 
Therefore we find: 

tf~T?- (1.14) 

Thus, the growth coefficient tends to infinity as T~* when T — 0. 

Phonons are the principal thermal excitations in the liquid 4 He 
at temperatures below about 0.5K. At higher temperatures, the more 
essential excitation might be the roton contribution to the total ener- 
gy dissipation for which an appproximate dependence of the type 
K OC exp (A r /r), where A r is the roton gap width, is expected to be 
valid. 

These estimates indicate only the temperature dependence of 
the growth coefficient in one or another temperature ranges. For a 



38 A. Ya. Par shin 



quantitative comparison with experimental data these estimates are, 
of course, quite insufficient. Besides, strictly speaking, these esti- 
mates are valid only in the "ballistic" case when free path lengths of 
phonons and rotons are sufficiently large (the surface wavelength 
serves as a characteristic dimension, see the next Sec). Andreev and 
Knizhnik [1.41] (see also [1.42]) calculated the growth coefficient 
limits for both the "ballistic" and "hydrodynamic" cases. Further 
discussion of this question is in Sec. 1.4. 

The preceding lias related to 4 He crystals. As for 3 He crystals, a 
formula analogous to that of (1.14) can be applied to them only at 
extremely low temperatures. Temperatures must be much less than 
that needed for the transition into a superfluid state and, of course, 
with the condition that the crystal surface remains in a quantum- 
rough state. Yet here the principal type of thermal excitations both 
in liquid and solid phase is represented by spin waves with a linear 
dispersion law [1.43, 44], as for phonons. The main contribution in- 
to energy dissipation is produced by the crystal spin waves since 
their velocity is lower. Therefore, the quantity c in (1.14) stands for 
the spin wave velocity inside the antiferromagnetic solid 3 He and 
6 the Neel temperature. At higher temperatures, where liquid 3 He 
behaves as a normal Fermi liquid, the basic dissipation mechanism 
is the interaction of the moving interface with Fermi excitations. 
Energy dissipation is, of the order of magnitude, p F nV 2 , where 
p F is Fermi momentum. The estimate corresponds to the tempera- 
ture independent growth coefficient K ~ l/pp. An analogous estimate 
could be made also for a crystal growing from a dilute solution of 
3 He- 4 He (with a concentration njn <C 1) [1.45,46]. Here the energy 
dissipation due to interaction between a moving interface and impu- 
rities of 3 He is, of the order of magnitude, n 3 p 3 V 2 , this corresponds to 

n 1 

the growth coefficient K ~ — •— , where p 3 is the characteristic mo- 

n 3 P3 

mentum of an impurity atom. By comparing to (1.14), we see that 
at low temperatures the 3 He impurities can substantially influence 
growth kinetics of 4 He crystals even at extremely low concentra- 
tions. 

1.3.3. Crystallization Waves 

We have seen in the previous Section how the quantum 
rough surface state provides a possibility for strictly nondissipative 
crystallization and melting of a crystal at T = 0. This means that 
at rather low temperatures the process of establishing an equilibrium 
crystal shape witli the quantum-rough surface is of an oscillato- 
ry character. In fact, any deviation of the crystal shape from equilib- 
rium results in increasing its surface energy. Therefore, any non- 
equilibrium crystal shape will change towards decreasing the surface 



Crystallization waves in 4 He 



39 



energy via crystallization or melting. On the other hand, because of 
the difference in density of the two phases, crystal growth and melt- 
ing will lead to a liquid phase motion, viz. to an increase in sys- 
tem's kinetic energy. It is clear that given a small energy dissipa- 
tion, the surface will be subjected to weakly damped oscillations sim- 
ilar to conventional capillary waves on a liquid phase surface. The 
spectrum of these oscillations, viz. of crystallization waves, can be 
easily found in the limit of long waves, when the compressibility 
of both phases can be neglected. It is essential that no model con- 
cepts about surface microscopic structure are introduced to do this. 

In deriving the crystallization wave spectrum we shall allow for 
the gravitational field and damping caused by the finiteness of the 
kinetic growth coefficient. To do this, first of all we shall note that 
with capillary effects included Eq. (1.2) will replace the convention- 
al condition of phase equilibrium, u 2 = \i 2 . Therefore, in describing 
weakly nonequilibrium situations, e.g. a crystal growth in the ab- 
sence of any thermal flux, the right-hand side of Eq. (1.2) must be 

augmented by the term where V is the growth rate at the given 

point and K the kinetic growth coefficient. Let us consider a flat sur- 
face, z = 0, undergoing a displacement £ (x, t) = £ exp (ikx — 
— i(ot) along its normal. A motion resulting in a noncompressible 
liquid is described by the potential that satisfies the Laplace equa- 
tion, Ai|) = 0, viz. \p = i|) exp (ikx — i(o£ — kz). Mass conserva- 
tion during phase transition yields a boundary condition for the 
z-component of liquid phase velocity: 

V z = at z = (1.15) 

P2 

Instead of the phase equilibrium condition (1.2) in this case we have: 

where a = a + d 2 a/dcp 2 , <p is the angle between the normal to a dis- 
placed surface and the z-axis, P' the alternating part of pressure in 
liquid (here we have taken into account d\i 2 /dP = m/p 2 ). Further 
allowing for 

P' = - p 2 ij>, V = (1.17) 
we find the spectrum of plane waves: 

<o2_ _«£» k* Ps£_* + Pifii J^ = o (1.18) 

(P1-P2) 2 P1-P2 ^(Pi-p 2 ) 2 ' 

As can be seen from (1.18), the propagation velocity of these oscil- 
lations is much lower than that of sound, thus justifying the neglect 
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of compressibility in both phases. The gravitational term in (1.18), 
as with conventional capillary waves, must be allowed for only at 
the lowest frequencies, when wavelength is of the order of or lower 
than the capillary constant (about 1 mm). 

Much like capillary waves, crystallization waves are unstable to 
decay from one to two quanta which have lower energy. Therefore, 
strictly speaking, these waves have a finite damping even at T = 
= 0, when K oo. The order of magnitude of this damping (being 
inversely proportional to lifetime), 7, is determined by the formula, 

Y~^L ( S ee [1.47], where the corresponding problem is solved for 
P 

conventional capillary waves). For low-frequency oscillations, at 
finite temperature, the damping mechanism caused by the finitenefcs 
of the growth coefficient is the most important. From (1.18), as- 
suming weak damping, we find: 

*»C-P,)- < U9 > 
For 3 He, where the Fermi-liquid theory applies, using the estimate 
of K from Sec. 1.3.2. one can demonstrate that the oscillations are 
strongly damped at all frequencies. The same conclusion also fol- 
lows from the estimate of this quantity for a classical crystal with 
an atomically rough surface [see (1.7)]. It is evident that linear os- 
cillations like crystallization waves cannot exist on a classical atom- 
ically smooth surface. Thus, the existence of weakly damping 
crystallization-melting waves is an essentially quantum effect. 

As has already been noted, the surface in a quantum-rough state 
represents a two-dimensional quantum "liquid". Certainly, the con- 
cepts of step and kink in their original sense are now insufficient for 
a microscopic description of such a liquid to be adequate. In fact, steps 
and kinks remain well defined objects only so long as their concentra- 
tions are low. On the other hand, in an advanced quantum-rough state, 
viz. in the absence of special small parameters the kink and step 
concentrations are far from being small. Their interaction cannot be 
taken as weak; besides, the number of "particles" of each sort does 
not conserve in this liquid. In this situation the principal property 
of the quantum-rough surface, viz. the presence of stationary states 
corresponding to a continuous crystal growth and melting, essential- 
ly can only be postulated (the same with the existence of a quantum- 
rough surface). Consequently, the speculations set forth in Section 
1.3.1 are to be taken not as a proof but rather as an indication to the* 
very possibility that such states exist. In this situation a real prob- 
lem can be solved when testing the self-consistency of the concept of 
coherent crystallization, together with all the implications that fol- 
low from it. Thereby a decisive corroboration of the concepts' physi- 
cal foundation can only be provided by experiment. 
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For describing a quantum-rough surface at finite temperatures one 
should know its spectrum of elementary excitations, viz. collective 
excitations in a system of strongly interacting kinks and steps. The 
calculation of this spectrum over the whole wavelength range is, 
of course, impossible. However, in the long wavelength limit, as 
we have seen just now, such collective excitations are crystalliza- 
tion waves. The knowledge of their spectrum enables the temperature 
dependence of the surface energy, a, to be calculated at low tem- 
peratures. We shall not give the derivation, since it is analogous to 
that of Atkins [1.48] for capillary waves on superfluid helium sur- 
face, but shall only give the result: 

a W = «. - 4r r (7/3) c (7/3) (i - 20) 

(here we neglect anisotropy of a ). 

Besides crystallization waves, there exists one additional branch 
of surface elementary] excitations, viz. elastic oscillations of the 
Rayleigh wave type with a linear dispersion law [1.6] (see the next 
Sec). The contribution of these oscillations to surface energy is pro- 
portional to the higher degree of temperature (T 3 ), hence at low tem- 
peratures it can be neglected. 

1.3.4. Sound Transmission Through 
a Quantum-Rough Surface 

Usually when studying the reflection and refraction of 
sound at a crystal-liquid interface, one only assumes that the con- 
ditions of surface mechanical equilibrium rather than phase equi- 
librium are satisfied. For conventional classical crystals, such an ap- 
proach is well justified, since the times for establishing a phase equi- 
librium are extremely long as compared with those for a sound wave 
period. As was first noted by Castaing and Nozieres [1.4], the char- 
acter of sound reflection changes abruptly when the kinetic growth 
coefficient is sufficiently large. Consider a quantum-rough interface 
at T = 0. At this interface the phase equilibrium condition, \i x = 
= |a 2 , being equivalent here to the constant pressure condition is al- 
ways fulfilled. This means that, when a sound wave falls at such the 
interface, the alternating pressure part vanishes at the interface, 
viz. the latter succeeds in "adjusting" via recrystallization to meet 
this condition. The constant pressure at the interface means, in 
turn, the transmitted wave amplitude will vanish, too. At finite 
temperatures, thermal excitations slow down the interface motion, 
the phase equilibrium is violated more and more as the growth coef- 
ficient reduces, and sound penetrates from one phase into another. 
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However, it turns out that due to capillary effects sound can pass 
through a quantum-rough surface even at 7\= [1.6], and the trans- 
mitted wave amplitude being proportional to sound frequency. We 
shall consider this problem as it is exemplified by an elastic iso- 
tropic crystal. 

Let a plane sound wave with the frequency co and the wave vector 
k be incident on the surface (z = 0) as viewed from the liquid phase. 
Now let v be the liquid phase velocity and u the elastic deformation 
vector in the crystal. The resulting displacement of the interface is 
a sum of two terms, viz. the elastic displacement, u 2 , and that 
caused by recrystallization, £. The condition of mass conservation 
during crystal growth is written: 

<Pi — P 2 ) (u z + £) = Pi^ 2 — p 2 v z (1.21) 

In deriving the remaining boundary conditions relevant to both me- 
chanic [see Eq. (1.4) in [1.27]] and phase equilibrium [Eq. (1.2)] one 
has to take into account that the "nondeformed" surface is z = £ (x, 
y, t). By choosing the plane (x, z) as a plane of incidence so that R' 1 = 
=0, R' 1 = — d^^ldx 2 (all displacements, of course, are small compared 
to a wavelength), and by denoting the alternating parts of pressure 
and of stress tensors with 8P = P — P , 8o ik = a ih — o° ik respec- 
tively, we shall obtain the conditions for the mechanic equilibri- 
um in the form: 



(1.22) 
Sa V2 = 0, v = x, y 

where |3 is the surface tension coefficient, which in the isotropic case 
the relevant tensor is reduced to [1.27]. The quantities entering 
(1.2) will be transformed in the following way: 

6F = F-F =^6p 1 = ^6p 1 = ^5 Pl 
whence 

(l_£L) 6j P-a|J = (1.23) 

Equations (1.21)-(1.23) form a complete system of linearized 
boundary conditions for a quantum-rough surface at T = 0. Neg- 
lecting the capillary effects, viz. the terms containing a and |3, the 
boundary conditions are reduced to 8P = 0, 8a iz = 0. The varia- 
bles that describe each of the two media are seen to be separable in 
such a way that the boundary conditions for both media are the 
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same as those at the interface with vacuum [here condition (1.21) de- 
termines just the total boundary displacement]. In other words, the 
sound incident at the interface from either side reflects totally. Be- 
sides, the spectrum of surface elastic oscillations (of the Rayleigh 
wave type) is precisely the same as that at an interface with vacuum, 
while on an atomically smooth surface it depends substantially on 
the properties of the liquid phase [1.49]. (In this case, instead of 
condition (1.23) one lias to assume that recrystallization vanishes, 

viz. ( = 0.) 

When using boundary conditions (1.21)-(1.23) to solve dynamic 
problems one must remember that while being essentially static, 
these conditions do not as yet incorporate capillary effects caused by 
dynamic properties of the surface (see an analogous remark in Sec. 
1.3.2). Generally, the quantities like surface mass flow, surface mo- 
mentum, and surface kinetic energy do not vanish simultaneously 
with surface mass density (here we deal with a situation similar to 
that described by Andreev and Kompaneetz [1.50], where the exact 
equations of motion of a free surface of superfluid helium were found 
with a normal part present). In our case one can only state that the 
surface momentum is a linear function of the difference in velocities 

of the two phases at an interface, u t — u t , where i = x, y, z, and 
that the surface kinetic energy is a quadratic form of the same vari- 
ables. The exact form of these functions could be determined only 
by simultaneously finding the exact nonlinearized equations of sur- 
face motion (similar to the manner of deriving the hydrodynamic 
equations of a superfluid liquid [1.51], see also [1.40]). Correct ac- 
counting for these quantities will result in the linearized Eqs. (1.22), 
(1.23) having additional terms that contain second derivatives in 

time (e.g. like p s £, where p s ~ pa ), and also in Eq. (1.21) having e.g. 
terms likeps^ (v x — u x ), where pg~ p s , whose sense is the diver- 
gence of surface mass flow. 

All such terms can be neglected when determining the crystalli- 
zation wave spectrum in the long wavelength limit. However, when 
determining high-frequency corrections to this spectrum and capil- 
lary corrections to the Rayleigh wave spectrum, as well as when solv- 
ing the problem of capillary transmission of sound through surface, 
the terms not included in (1.21)-(1.23), generally speaking, intro- 
duce some corrections that are comparable with the principal terms. 
Therefore, from Eqs. (1.21)-(1.23) one can obtain only a qualitative 
estimate for transmitted sound amplitude (the corresponding inter- 
pretation is recommended for the results from [1.6]; see also [1.52, 
53]). It is also clear that some attempts to apply a high-frequency 
corrections to the crystallization wave spectrum have been inconclu- 
sive. They are either based on the use of boundary conditions 
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(1 .21)-(1 .23) [1.54], or accounts for the surf ace kinetic energy yet neg- 
lecting the surface special elastic properties [1.53], or true for some 
semimicroscopic model [1.55]. Moreover, the applicability of macro- 
scopic approximation seems to be doubtful, when the high-frequen- 
cy corrections to surface wave spectra (co ~ 10 11 Hz, k~ 10 6 or 
10 7 cm- 1 ) become essential. In fact, the condition ka <C 1, where 
a is the interatomic spacing is usually sufficient to apply macroscop- 
ic equations. It should be remembered, however, that crystalliza- 
tion waves exist on surfaces of arbitrary Miller indices, except a few 
of the most densely packed surfaces. This means the lengths of trans- 
lational elementary vectors on the surfaces considered can be infinite- 
ly large. Therefore, to be precise, we can neglect the influence of 
Brillouin zone boundaries only at infinitely large wavelengths. 

Finally, it should be noted that the coherence of the crystalliza- 
tion process necessary to satisfy condition (1.23) must be violated at 
sufficiently high frequencies. Indeed, if, for example, the frequency 
of an incident sound wave exceeds the value of A/ft, the behaviour 
of elementary kinks cannot be considered as a motion of delocalized 
quasi-particles; under these conditions the surface behaves itself 
rather like a classical, atomically rough one. This is the reason why 
crystallization waves cannot exist with frequencies exceeding A/ft. 

Estimate of the ratio of transmitted wave amplitude, u , to the inci- 
dent wave amplitude, v , can be easily obtained by noting that at 

low frequencies this ratio is small, i.e. u /u <C 1 (given the wave in- 
cident as viewed from the crystal, we would have, respectively, 

*V^o *C 1). Therefore, in Eq. (1.21) one can neglect the term u z 

(the same can be done with the term like Ps^(v x — u x )~ ps kv). 

Further for helium p2 « 10, therefore in estimates we shall 
P1-P2 

keep this ratio and denote it as Then £ ~ ^ u ; 6P ~ ^ a/c 2 £ ~ 

~ (ij>) a ^ 2(0 ~ li; o» an d (taking |3 ~ a) 6a Z2 ~ 6P. Also, by consider- 
1 

ing u~ — 6a 22 , co ~ ck (since sound velocities in liquid and solid 
pc 

phases are of the same order of magnitude), we shall finally obtain: 



It is clear that this estimate is valid both for transversal and longitu- 
dinal waves. Undoubtedly, this estimate is meaningful only for such 
angles of incidence, whenever a transmitted wave can exist, viz. 
in the absence of total internal reflection. In this connection let us 
note a peculiar feature of the Rayleigh waves on the surfaces at hand: 
their velocity is less than that of sound in the liquid since the velocity 
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of transversal sound waves in a crystal is less than that of sound 
in the liquid [1.56, 57]. Hence, the Rayleigh wave does not radiate 
sound into liquid even with capillary effects considered. Rayleigh 
waves damping at T = is governed only by the process of their decay 
into crystallization waves. 

According to (1.24), the probability of phonon transmission 
through a quantum-rough interface, viz. the amplitude ratio squared, 
is proportional to co 2 . Knowing this probability it is possible, 
according to Khalatnikov [1.58], to calculate the Kapitza resistance 
on such surface. Here the resistance evidently appears to be propor- 
tional to T~ 5 at sufficiently low temperatures, when one can use 
the estimate (1.24). Whereas on atomically smooth surfaces it 
should usually be proportional to T~ 3 . The T~ 5 dependence was 
discovered experimentally [1.7-9, 1.59], and, in a perfect argeement 
with theory, on atomically smooth surfaces of helium crystals the 
conventional 7 1 - 3 dependence was actually observed. 

1.4. EXPERIMENTAL INVESTIGATION 

OF COHERENT CRYSTALLIZATION 
AND CRYSTALLIZATION WAVES 

1.4.1. On the Possibility of Direct Observation 
of Capillary Phenomena in Crystals 

The ability of retaining a definite shape is the obvious 
property with which to clearly distinguish a solid from a liquid. 
In a solid body under ordinary conditions there are no internal 
motions changing the mutual positions of its parts, viz. changing 
its entire shape. Therefore, capillary phenomena being characteristic 
for liquids are not generally observed in crystals. 

In fact, the external shape of a body can be changed not only 
by internal motions. In melting or crystallization the crystal shape 
changes because of particle transition from one phase to another. 
It is essential that under conditions close to equilibrium these pro- 
cesses develop extremely slow, viz. in practice a crystal simply 
fails to acquire the equilibrium shape during tolerable times. 

The physical reason responsible for the unacceptable slow crystal 
growth under ordinary conditions is the following. In crystalliza- 
tion, as in any other first-order phase transition, states of two phases 
are separated by a certain energy barrier that provides for the equi- 
librium of each phase. For a phase transition to proceed at a certain 
finite velocity it needs to disturb the phase equilibrium in one way 
or another. As a result, the phase transition is always accompanied 
by an energy dissipation that finally limits the rate of establishing 
the phase equilibrium and, in particular, the rate of relaxation to- 
wards the equilibrium shape. 
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The energy dissipation accompanying a phase transition is con- 
trolled by a specific crystallization mechanism which in turn is gov- 
erned by interface structure, as we have seen in Sec. 1.2. Thus, for 
an atomically rough surface the growth rate, V, is linearly dependent 
on the chemical potential difference between the two phases, 6|i. 
A rough estimate of the minimum value of the shape relaxation for 
a classical crystal with an atomically rough surface can be made by 
following simple reasoning. Let the crystal shape be significantly 

different from equilibrium, then 6u,~-^ ag, where we can take 

a ~ T meH -ao 2 (we specifically assume that the second phase is 
a liquid), where a is the surface energy, a the interatomic separation 
distance, and R the characteristic crystal dimension. From this, by 

estimating the growth coefficient from Eq. (1.7), we obtain t~ y > 

^ 1/ m for the time needed to establish the equilibrium shape. 

V T me]t 4 P 

A more accurate estimate for t which is valid even when the gravita- 
tional field is essential, isnot difficult to obtain directly from Eq. (1.18). 
•This equation determines the crystallization wave spectrum and is 
able to describe not only the oscillatory but also the aperiodic mode 
of surface motion (at sufficiently small K values). 

Apart from the limitation caused by the finiteness of the kinetic 
coefficient, K, limitations are often no less significant which 
follow from analysis of the heat- and mass-transfer processes that 
accompany the phase transition. Provided that the latent heat 
is not abnormally small and thermal conductivity is not abnormally 

high, similar reasoning yields — 1/ 171 

Finally, in order to get a true equilibrium crystal shape in a real 
experiment, an extraordinary high homogeneity of both temperature 
and internal stress distribution is needed in the crystal. Thus, given 
these assumptions, for the maximum admissible temperature differ- 
ence 6T in crystal we have 8r<C % ^meit- These reasonings clearly 

demonstrate that there are great experimental difficulties in pro- 
ducing a crystal with an equilibrium shape. In connection with this 
we note that the facet pattern of a classical crystal usually bears no 
relation to its equilibrium shape and is mainly due to anisotropy 
in growth kinetics. The shape relaxation time for a classical crystal 
with an atomically smooth surface is practically infinitely long. 

The situation is radically different in quantum crystals, especially 
in those of helium isotopes. First of all, these crystals can be found 
in equilibrium with a liquid at temperatures down to absolute 
zero. Furthermore, at fairly low temperatures the melting heat is 
very small, while thermal conductivity is quite high. The situation 
where 4 He is in the region of superfluidity is especially favourable 
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[in 3 He this seems to be at the region nearjthe minimum on the 
melting curve (0.3 K) and at temperatures of about 1 mK]. Here the 
major limiting factor in establishing an equilibrium shape is the 
kinetic growth coefficient, K. However, as we have seen in Sec. 1.3, 
it is in quantum crystals that as temperature decreases the value of K 
might grow unbounded. This means that in quantum crystals, espe- 
cially in 4 He crystals, the conditions can, at least in principle, be 
satisfied so that an equilibrium crystal shape can quite rapidly be 
established. Such a situation offers vast possibilities for the investi- 
gation of crystal surface phenomena, even those which until now 
have been considered specific for liquids. 

1.4.2. Optical Cryostat 

Experimental observation of crystallization waves would 
be of primary importance in proving the theory presented above. 
Hence, the observation technique selected has to provide a direct 
and unambiguous demonstration of this phenomenon existence. 
From this point of view, an optical technique which enables direct 
visual observations of surface oscillations and measurements of all 
the basic characteristics of these oscillations has obvious advantages. 
In addition, it is essential that even the simplest optical instrument 
gives the orientation of a growing crystal, the state of its surface, 
and the availability of defects which are to be controlled. 

When investigating helium with optical techniques, a number of 
difficulties have to be overcome due to helium's extremely low polar- 
izability. Within the optical range, the helium refraction index satis- 
fies the following relationship: 

n — 1 = 0.20p 

(p is density in g/cm 3 ). This holds true for all three states either 
condensed or gaseous (the birefringence of hep-crystals is very small, 

* e ~ *° =7.10- 5 [1.60]). Since the densities of solid and liquid 

n — 1 

phases on the melting curve at T < 1 K are 0.191 and 0.173 g/cm 3 , 
respectively, [1.61], the difference between the refraction indices 
of a crystal and liquid on the melting curve is An = 0.0036. Clearly, 
to obtain a sufficiently high-contrast picture of a helium crystal 
under these conditions is a rather difficult task. The crystal surface 
becomes visible, essentially, only at the angles of incidence close to 90° 
(within several degrees), viz. in a slipping illumination. Therefore, 
the cryostat design should provide for a wide range of variability in 
the illumination of the sample and the ability to observe the sample 
at different angles. These requirements are best met by an optical 
cryostat having flat windows and large aperture ratios. This creates, 
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however, the problem of eliminating the heat supplied to the experi- 
mental cell by external thermal radiation. 

Note that direct observation is the simplest, yet not the most 
unique of available optical techniques. For example, in experiments 
done by J . Landau's group, the growth process of helium crystals 
was successfully studied using a holographic interferometer [1.10, 



3 




Fig. 1.6. Design of an experimental cell: 1 — body, 2— capacitor, 
3— filling capillary, 4— electrical lead, 5— heatlead, 6 — thermometer, 7 — cad- 
mium reference mark. \ 

1.62-63]. Such a technique, in principle, enables the reconstruction 
of the sample configuration without large aperture windows. However, 
this technique is incomparably more complicated in its practical 
application and requires an extremely high manufacturing quality 
of all optical parts of the setup. In addition, because of the small 
difference in refraction indices between two phases, interferometric 
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techniques have rather low resolution. Thus, for example, when 
using a He-Ne-laser for two rays passing through solid and liquid 
phases, a path difference of about one interference fringe is accumulat- 

ed over the ray path x ~ « 0.18 mm. This practically nullifies all 

the advantages of the interferometric techniques. 

In our experiments [1.2-3, 1.64] a somewhat modified version of 
a metallic cryostat was used, which was designed long ago by Shal- 
nikov [1.65] to study the motion of charges inside crystalline helium. 
The temperatures required (down to 0.3 K) are produced by pump- 
ing 3 He vapor. The most essential modifications dealt with the 
windows and experimental cell. The total number of plane-parallel 
windows in our setup was 5 pairs (observations were carried out in 
the look-through mode). The main part of the heat which was caused 
by radiation from the windows was removed by using addition] 
windows on an intermediate nitrogen screen. They were made from 
a monocrystalline sapphire 5 mm thick and reduced the heat supplied 
to the experimental cell to the value of 5«10~ 5 W. To illuminate 
the experimental volume, a luminescent lamp was used that provid- 
ed, at an appropriate aperture ratio, a light intense enough to 
photograph and film without a noticeable increase in the heat 
supply. 

4 He crystals were grown in a metallic chamber with a rectangular 
cross-section, 12 X 15 mm 2 (Fig. 1.6), made from ferrochromium. 
The whole interior of the chamber can be observed through the two 
opposing walls made from chemical glass, 12 X 28 X 3 mm 3 . Inside 
the chamber, on a side wall a capacitor was mounted to excite crystal 
surface oscillations via an ac electric field (for more detail of the 
capacitor design see Sec. 1.4.4). A capillary tube and four electrical 
leads were soldered into the top of the chamber, and a copper heatlead 
to the 3 He bath at the bottom. To reduce the heat supply to the cham- 
ber, a part of the capillary tube was put into thermal contact with 
the 3 He bath. A carbon thermometer calibrated against 3 He vapor 
pressure was mounted onto the heatlead which was soldered into the 
side chamber wall. Calibration was controlled by means of a cadmi- 
um reference (T = 0.515 K) mounted on the same heatlead. 

1.4.3. Features of the Low Temperature Growth Kinetics 
of 4 He Crystals 

In our experiments, the crystals were grown from 4 He 
which was initially purified by thermomechanical (fountain) effect, 
and has a 3 He concentration no higher than 10~ 8 . The 4 He crystals 
were grown at a constant temperature, (from 0.4 to 1.3 K), and 
with a regulated helium flow into the chamber to control the crystal- 
lization rate. In fact, such a technique is clearly called for by the 
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very shape of helium phase diagram at low temperatures (the value 
of along the melting curve and, with it, the crystallization heat t 

are practically equal to zero). The chamber was filled with liquid 
helium pressurized at about 25 atm by means of an external 
compressor, then the latter was detached. Growth and melting of 
crystals were produced by changing the temperature of an external 
buffer vessel (300 cm 3 in volume) that could be attached and detached 
as required by the experimental schedule. This method enables the 
growth rate to be varied over wide range, up to several mm/s. In 
fact, the crystals used to measure spectrum and crystallization 
wave damping were grown at much lower rates, at about 0.1 mm/min. 
And the estimated temperature gradient in a sample did not exceed 
10~ 4 K/cm. If necessary (e.g. when some defect was detected in the 
course of growing) the crystal could be easily melted and then its 
growth continued. Once a crystal had been grown, the buffer vessel 
was detached and the position of interface could remain unchanged 
for many hours within about 0.1 mm. 

In our experiments, visual control was the basic method to check 
the quality of growing crystals. Direct observation of a 4 He crystal 
during its growing process at low temperatures not only allows its 
orientation to be fixed, but also enables an effective check to be 
made on the degree of its perfection since a crystal surface appears to 
be very sensitive to defecfs both during growth and, especially, in 
equilibrium. Note that the gravitational field substantially influences 
the growth dynamics and crystal shape through the entire tempera- 
ture range studied. This fact alone shows that in our experiment 
crystallization processes occurred under the conditions very close to 
equilibrium. 

At the temperatures below 1.2 K, as a rule, a crystal grows from one 
nucleus, and is always to some extent faceted. The faceting is more 
strongly pronounced at larger growth rates and at lower temperatures. 
The observed faceting always corresponded to a hexagonal prism 
represented by various number of facets which depended on the point 
of nucleus creation, crystal dimensions, and its orientation relative to 
the chamber walls (see Fig. 1.7). Crystal symmetry allows identifying 
the prism bases with the (0001) basal plane, and the side facets, being 
perpendicular to the latter, with the planes of either {1120} ,or 
{1010} type. v ' 

Figure 1.7 clearly shows all the specific features of the low temper- 
ature growth of 4 He crystals: distinct faceting at relatively high 
growth rates (about 0.1 mm/s, a, b frames); appearance of rounding-off 
in the upper part of the surface when the growth rate is reduced (c), 
along with a transition to a specific meniscus (d). When melting, 
crystals generally have a droplike shape. The dependence of crystal 
shape on growth rate is naturally explained by anisotropy in the 




Fig. 1.7. Different 



growth 



stages of a crystal. 
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kinetic growth coefficient which takes minimum values for the direc- 
tions controlled by facets of growth prism and having in these directions 
a singularity of the cusp type [1.66]. Therefore, the lower the tern- 




Fig. 1.8. The 2 mm helium crystal suspended from one^of the 
chamber side walls at T « 0.5 K. 

perature is the stronger the anisotropy becomes. These features 
of growth kinetics were also observed by J. Landau and co- 
workers [1.63]. 

Particularly low growth rates are specific for the (0001) facet. 
At the lowest temperatures (in the interval of 0.4-0.6 K) the typical 
growth rates in the [0001] direction are so low that, at a suitable 
orientation, a crystal can be suspended for several hours from one 
of the chamber's side walls while "resting" on the (0001) facet 
(Fig. 1.8). Under these conditions, the crystal growth along the 
[0001] direction proceeds, perhaps, only as a result of the creation 
of atomic layer nuclei at the points of contact between the (0001) 




Fig. 1.9. Motion picture frames of the "release" of a crystal 
shooting rate is 24 frames per second. 



The 
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facet and the chamber walls. In this case a very fast avalanche-like 
recrystallization often occurs (during less than 0.1 s). As a result 
the crystal that was, for example, on one of the side walls, "drops" 
down onto the chamber bottom, still conserving its primary orienta- 
tion (Fig. 1.9). As a rule, this process is accompanied by the creation 
of one or more surface defects (most often arising in the (0001) plane). 
They are, perhaps, the stacking faults that have been thoroughly 
studied in conventional, closely packed structures (see, e.g. [1.67]). 




Fig. 1.10. The crystal with a stacking fault: a— under quasi- 
equilibrium conditions, b— during growth. 

In equilibrium these defects show up as the "canyons" which are 
created where the defect plane outcrops (Fig. 1.10a). Clearly the excess 
energy of a defect which is proportional to the latter's area is respon- 
sible for the creation of the canyons. The observed depth of the 
canyons (about 0.5 mm) enables one to state that this energy is of the 
same order of magnitude as the crystal-liquid interface energy, viz. 
about 0.1 or 0.2 erg/cm 2 . Resuming the growth of crystals with thosfe 
defects cause the "canyons" to be healed so that the resulting facet 
pattern does not differ in any way from that of a defectless crystal 
(Fig. 1.10b). Let us stress that block orientations on both sides of 
the stacking faults are the same. Therefore, it would be very difficult 
to detect such defects by any other techniques (for example, the 
coefficient of sound reflection from a stacking fault, according to [1.28], 
is about (a /X) 2 , where a is the interatomic distance, and k the sound 
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wavelength; evidently, the same is valid when applied to light 
reflection). 

Growing a large crystal without visible defects depends not only 
on temperature (the best results were obtained in the interval of 
0.8-0.9 K), but also on nucleus orientation. As a rule, multiple recy- 
cling of the growing process during one experimental run produces 
nuclei having the same or a very similar orientation. In the over- 
whelming majority of experiments, the "singular" facets had a sizable 
(not less than 20°) inclination to the horizontal plane. In these cases, 
in order to avoid the "drops", one had to search thoroughly for the 
best growing conditions for each run. It should be noted that heating 
a sample (which has been grown, say, at 0.8 K) up to a temperature 
of 1.1 K or higher, as a rule, leads to an irreversible change in its 
surface shape. This change is possibly caused by a plastic crystal 
deformation which in turn is due to a variation in equilibrium pres- 
sure of about 0.1 atm, the latter exceeding the experimental value 
of the yield point of solid helium [1.68-69]. For this reason, crystals 
intended for measuring the spectrum and damping of crystallization 
waves, were grown at the lowest possible temperatures, where these 
"drops" could be completely avoided (usually, about 0.8 K). The 
measurements were carried out at the temperatures lower than 0.6 K, 
so that the pressure over a crystal during the measurement was 
differed from the pressure during growth by less than 5*10 -3 atm. 

Concluding this Section, let us note that the technique developed 
is a version of that used by Shalnikov [1.65, 1.70] for helium crystal 
growth at constant pressure. Since the Shalnikov work was published, 
essentially all experimenters who endevour to produce perfect helium 
crystals use a modified version of this technique [1.57, 1.60, 1.71-75]. 
As X-ray experiments [1.73] and measurements of heat conductivity 
(1.72] have shown, this technique succeeds in growing quite perfect 
helium crystals, as long as the growth rate is not too high (not higher 
than 0.5 mm/min). In our experiments, the growth rate was about 
0.1 mm/min. Constant temperature and, especially, constant pres- 
sure, in conditions of our experiment (superfluid liquid helium, 
slopeless melting curve) were maintained during the growth process 
with an accuracy significantly higher than in experiments by Mezhow- 
Deglin [1.72], and Golub and Svatko [1.75] who detected extremely 
high values of heat conductivity of helium crystals grown by means 
of Shalnikov's technique. Direct visual observations support this 
conclusion concerning the high quality of these crystals. 

1.4.4. Techniques to Excite Crystallization Waves 

It is possible to suggest several techniques to excite crys- 
tallization waves. The most apparent one is mechanical, with a liquid 
set into motion by means of some vibrator. In this way,, crystalli- 
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zation waves with fairly large amplitudes, over the most observ- 
able frequency range from several Hz to several kHz, can be excit- 
ed. Another conceivable technique excites mechanical vibrations 
of the whole chamber. It is this technique that was used by us to 
excite high amplitude crystallization waves (see the next Section). 

The mechanical excitation techniques suffer an essential disad- 
vantage however, when measuring the spectrum and damping of 
crystallization waves. The problem was that the cryostat we used, 
just like a majority of cryostats producing temperatures below 1 K, 
possessed a very large number of natural mechanical frequencies 
falling precisely within the range we are interested in, and at these 
frequencies it has a high Q factor. As with any mechanical excita- 
tion technique, the presence of these natural frequencies leads usually 
to different beats and "ringing" that greatly complicate the analysis 
of surface oscillations. Therefore, we choose a technique essentially 
free of this disadvantage, namely, surface oscillation excitation by 
an ac electric field. 

This technique is based on the well-known phenomenon of the 
"pulling-in" of medium having higft dielectric constant into an elec- 
tric field. In many ways it is analogous to the technique used by 
Boldarev and Peshkov [1.76] and Leiderer [1.77] to study the surface 
tension, of 3 He- 4 He liquid solutions. As mentioned in the previous 
Section (see Fig. 1.6), a special capacitor is mounted on one of the 
side walls of the experimental cell. The capacitor is made of two 
copper wires each of 30 jam in diameter with nylon insulation (the 
outer diameter of about 40 |xm) and wound bifilarly (150 turns) over 
the whole surface of the fiberglass plate of 12.5 X 14.5 X 1.5 mm 3 
so that the average gap between adjacent wires was about 5 \im 
(practically, from to 10 \im). The plate width (14.5 mm) was chosen 
so that the clearance between the capacitor and the chamber glass 
walls was minimal. Preliminary tests of the capacitor in He II demon- 
strated it was reliable up to voltages of 3.5 kV which correspond to 
maximum electric field strength up to 3-10 6 V/cm. 

In the absence of an electric field, an equilibrium surface is shaped 
like a convex meniscus (Fig. 1.11). Switching on the electric field 
induces a change in the effective wetting angle at the capacitor, and 
an accompanying rise of the meniscus edge that can attain 1 or 2 mm 
(see Fig. 1.12). , 

At low voltages, the displacement of meniscus edge is approximate- 
ly proportional to the voltage squared, yet a fast saturation was 
observed at voltages higher than 500 or 600 V. This phenomenon is 
accounted for by the inhomogeneity of the capacitor surface which 
is due to uneveness in the isolation thickness and the gap between 
adjacent wires. At rather high voltages across the capacitor, small- 
sized crystallites, which are in no way related to the main crystal, 
are formed over the whole capacitor surface at sites of maximum 
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field strength. The corresponding "critical" voltage E CT can be derived 
from the condition when the decrease in capacitor energy due to 
forming such crystallites will be of the order of its surface energy: 

EI T v^aS (1.25) 

where v is the crystallite volume and S its surface area. Taking into 
account that the crystallite size is about 10 jam, we shall determine 
the required voltage from 500 to 1000 V. This deduction is supported 
by direct observations. When applying voltage higher than 700 or 




Fig. 1.11. Equilibrium 
meniscus (a crystal occupies the space 
below meniscus). 



Fig. 1.12. A meniscus 
inside the capacitor electric field (the 
capacitor is located to the left). 



800 V, the reflectance of the capacitor surface in slipping illumina- 
tion is abruptly lowered. This demonstrates that a large number of 
scattering centers appear. These crystallites, evidently, having 
random orientations in relation to the main crystal reduce the 
efficiency of the electric field acting on the main crystal by inhibit- 
ing its contact with the regions of maximum electric field strength. 

Applying an ac voltage of appropriate frequency to the capacitor 
can excite a plane crystallization wave with a wave front parallel 
to the capacitor surface. In measurements of the spectrum and damp- 
ing of crystallization waves, the voltage across capacitor is com- 
posed of two parts: the dc one, £7^ and the ac one, U 2 . The excitation 
efficiency of the principal mode is maximized when ^-voltage is 
over the range of (400-800) V. Dependence of the excitation efficiency 
on U 2 is approximately linear up to 200 V, except in the region of 
the lowest voltage (from 20 to 30 V) where very unstable wave am- 
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plitude is observed. The dc voltage was chosen so that the average 

wetting angle is close to ^ , so as to reduce measurement errors due to 

the curvature of crystal surface, and the voltage generally came 
within the range of (500-700)V. The ac voltage amplitude wa? 
typically about 100 V which provided a rather efficient excitation 
without too high a level of nonlinear distortions. 

This technique becomes inefficient at high frequencies, when the 
wavelength is equal to (or less than) the diameter of the capacitor's 
wire winding. In our experiments, measurements were performed at 
wavelengths from 7 mm to 0.3 mm so as to provide an accurate test 
of the theoretical formulas for the spectrum and damping of crystal- 
lization waves. 

Let us point out several additional, viable excitation techniques. 
Among these, a thermal one was tested in our device using the same 
capacitor, only as a heater by passing an a. c. through one of 
its wires. Temperature variations near the meniscus edge provoked 
either periodic local melting or crystallization that resulted in 
a travelling surface wave. In our apparatus, this experiment had 
a negative result: the only observable effect of the periodic heat re- 
lease inside the capacitor (at the frequencies up to 1 kHz) was a gen- 
eral heating and a corresponding displacement of meniscus. This 
result is hardly surprising mainly because of the extremely high 
heat conductivity of the two phases (in fact, under our conditions, 
heat transfer in both phases occurs via propagation of second sound 
waves whose velocity is much higher than that of crystallization 
waves). Another possible mechanism of exciting crystallization 
waves is to some extent analogous to the generation of sea waves by 
wind. Namely, it is possible to demonstrate that, when a liquid 
flows along a crystal surface at a sufficiently high velocity, u s (here 
we deal with the superfluid flow component), the surface becomes 
unstable for the initiation of crystallization waves. The corre- 
sponding minimum critical velocity is determined by the expression 

, so = [^l£^i] 1/4 (1.26) 

Here a changes from 0.1 to 0.2 erg/cm 2 , and u SQ from 4 to 5 cm/s; 
and the crystallization waves with k = ~j/ Pl ~ pa - g start to be 

excited. If, in experimental conditions, only waves having k values 
such that k> k m can be excited, then the corresponding critical 

velocity is 1/£L ^m- Experimental observations of these critical 
V p 2 



velocities are, perhaps, worthy of independent study. However, to 
do this requires an apparatus substantially different from ours. 




Fig. 1.13. Motion picture frames of excitation and damping of 
crystallization waves at T « 0.5 K. 
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1.4.5. Visual Observations of Crystallization Waves 

Crystallization waves excited by an electric field have 
amplitudes generally do not exceed 0.1 mm, thus hampering visual 
observation. At the same time, even an insignificant vibration of 
the apparatus at the frequencies of about 10 Hz and higher is enough 
to excite visible surface oscillations. Gently tapping the outer wall 
of the cryostat wall causes oscillation amplitudes of several milli- 
meters. Figure 1.13 exhibits a set of movie frames of exciting and 




Fig. 1.14. The meniscus shape for (0001) horizontal plane crystal. 

damping these oscillations. A resting liquid-solid interface is shown 
in the first frame. The subsequent frames demonstrate the interface 
behaviour after tapping the outer wall of the cryostat (the frames 
are spaced at about 1 s). Such oscillations are easily observed, at 
temperatures up to 0.6 K. At higher temperatures, the oscillation 
amplitudes are reduced rapidly and at 0.8 K they practically dis- 
appear. 

An equilibrium crystal surface does not always have convex 
meniscus form as in Fig. 1.11. When one of the facets of a growth 
prism is oriented close to a horizontal plane, the equilibrium menis- 
cus includes a perfectly flat part (an optically perfect one, viz. 
with a precision of 1 fxm), see Fig. 1.14. The flat part's orientation 
matches that of the corresponding facet of the growth prism. This 
is easily established in the process of the crystal's growth. Tha shape 
and size of the flat part are extremely sensitive to even insignificant 
inclinations to the horizontal plane. At angles of inclination of about 
15-20°, this part is viewed as a tiny spot (1 mm in size) near one of 
the meniscus edges that can be easily mistaken as a surface defect. 
The flat part is reduced in size as temperature rises, and completely 
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disappears in the temperature range of 1.17-1.20 K for basal plane 
and about 0.9 K for lateral prism facets (similar data are also gained 
in [1.10, 1.13]). In the presence of a flat portion, surface oscil- 
lations persist to be excited on the rounded-off part of meniscus, 
while the flat portion remains perfectly at rest and only its bound- 
ary experiences the oscillations caused by those of the rounded-off 
parts. If oscillation amplitudes are very high, terraces can be found 
speedily moving across the flat part while their heights remain 




Fig. 1.15. A terrace on the basal plane. 



unchanged (sometimes analogous terraces are observed during fast 
crystal growth, Fig. 1.15). Let us note that crystallization waves are 
observed, not only when the crystal fills the whole bottom part of the 
container, but also when a crystal is "suspended" from one of the 
lateral walls (Fig. 1.8). In this case, the rounded-off parts, and only 
these, show oscillations distinctly. All data clearly demonstrate that 
at the low temperatures (below 0.9 K and, at least, down to 0.4 K, 
see [1.13]) the crystal surface is in a quant um-rough state in all ori- 
entations, except those of two special, (0001) and {1010} (or {1120}) 
orientations which turn into a classical, atomically smooth state. 
The temperatures at which equilibrium flat parts disappear corres- 
pond to those of roughening transitions. 

Visual observations enable successful detection of not only 
crystal surface oscillations, but also the behavior at the meniscus 
boundaries (the contact lines between meniscus and glass walls are 
especially clearly seen). If the surface oscillation amplitude is not 
too high (^0.5 mm), the meniscus boundary remains practically 
motionless; at higher amplitudes, a separation occurs, viz. meniscus 
edges start to move together with the whole surface. 

Both standing and travelling waves could be used to measure the 
spectrum of crystallization waves. The operating conditions of our 
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apparatus were not sufficiently favorable to excite standing waves* 
Firstly, in the temperature range studied, the crystallization waves 
are characterized by a rather sizable damping (see later on, in Sec. 
1.4.6). This is why only the lowest frequency (from 10 to 100 Hz) 
resonances could have a somewhat significant Q-value. Also, a crys- 
tal surface limited by the chamber walls forms a "rectangular reso- 
nator", which is far from being ideal primarily because of an appre- 
ciable meniscus curvature near its edges. To find the natural frequen- 




cies of this resonator is a very difficult task; the situation is still 
more aggravated by the fact that the conditions defining amplitude 
and phase of a reflected wave are, strictly speaking, unknown. Final- 
ly, the occurrence of natural mechanic resonances in the apparatus 
at the same frequency range as for the waves under study (dozens of 
Hz) which are characterized by Q-values much larger than those of 
the surface oscillations, results in the observed resonances (see 
Fig. 1.16) being complex electromechanical resonances of the whole 
apparatus. Therefore, to measure spectrum and damping of crystal- 
lization waves one needs higher frequencies and, respectively, mo-re 
sensitive optical techniques. 



1.4.6. Spectrum and Damping of Crystallization Waves 

In our first experiments [1.2], the measurements of crys- 
tallization wavelength were performed by He-Ne-laser light diffract- 
ing from these waves. Such a technique had been used to study 
the surface tension of 3 IIe- 4 He liquid solutions by Leiderer [1.77]. 
Thus measured at T = 0.43 K the spectrum for one of the crystals is 
presented in Fig. 1.17. In practice, this technique appears to be 
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inconvenient. Random surface oscillations caused by vibrations 
in the apparatus result in a sizable broadening of the diffraction pic- 
ture; besides this, it does not allow direct measurement of the 
damping. 

Another technique [1.3] was used, in which a narrow (having the 
width substantially less than the wavelength to be measured) beam 
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Fig. 1.17. The crystallization wave spectrum measured by 
diffraction technique. 

of He-Ne-laser slowly scanned the oscillating surface and remained 
almost parallel to the wave front. This scanning was performed by 
rotating the optical bench, which contained all optical elements of 
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the setup, about the vertical axis located 1.5 m from the cryostat. 
The vertical beam size was about 2 mm, the wave amplitude, accord- 
ing to estimates, changed from 0.01 to 0.05 mm, and random oscil- 
lation amplitudes were the same or even somewhat larger. The lower 
part of the beam is refracted by a slightly curved surface being 
significantly deflected downwards, and the remaining light passes 
over the surface hitting a photodiode. Thus, the light intensity at 



y 




/ \ / \ - x 




j 


1 mm 
i 1 



Fig. 1.18. An example of the detector signal record. 

the photodiode contains an ac component proportional to the verti- 
cal displacement at a given point. The photodiode output signal was 
amplified by a band-pass unit tuned to the excitation frequency, and 
after passing through a lock-in detector (at a constant phaseshift 
between exciting and reference signals) was fed to the */-input of an xy- 
recorder. Simultaneously, a signal was fed across the x-input of the 
recorder from the multiturn potentiometer which was connected by 
a micrometer screw used to drive the scanning. Fig. 1.18 shows one 
of the records produced in this way. 

The distance along the z-axis between signal zeros defines a crystal- 
lization wavelength, while the amplitude ratio for adjacent maxima 
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controls its damping. The adoption of lock-in detector at frequencies 
over 100 Hz enabled a substantial reduction in the noise level caused 
by random vibrations. However, between 80-120 Hz as well as be- 
low 60 Hz, the noise level is so high that the wavelength cannot be 
adequately measured. Note that measurements at such low frequen- 
cies, with wavelengths of several millimeters, are generally unreliable 
due to the need for introducing corrections for the chamber walls. 
As it has been stated, we have no adequate data accurately to solve 
this problem. Therefore, the basic measurements were performed at 
frequencies over 200 Hz, where these corrections can be neglected. 
Here the detected signal has the form exp ( — kx) cos k x (where k Q 
and x are real and imaginary parts of the wave vector, respectively). 
This holds true if the reflected wave can be neglected and the process 
of recording starts at some distance from the point of wave excitation 
(X/2 or larger). These conditions were fulfilled in all measurements. 
Figure 1.19 shows the results of measuring the spectra for one of our 
samples at two temperatures, 0.360 and 0.505 K. The dashed straight 
line follows the dependence co ~ A: 3 / 2 , while the solid line represents 
the theoretical dependence « (k) according to Eq. (1.18) with the 
gravitational term included (the damping correction may be neglect- 
ed), and a = 0.21 erg/cm 2 . Thus, within the experimental error of 

(5%), a remains unchanged when temperature rises from 0.36 K to 
0.50 K. The data for other samples are essentially the same, they 
differ from the latter only by a common insignificant shift of the 

whole curve due to a change in the value of a. In addition to the 

previous one, the following a values were recorded: 0.18, 0.155, 0.15, 
and 0.097 erg/cm 2 (the last value corresponds to the dot-dashed 

straight line in Fig. 1.19). The spectrum given in Fig. 1.17 fits a = 
= 0.23 ± 0.04 erg/cm 2 . These data suggest a sizable anisotropy of the 
surface energy, yet they do not, of course, give a complete idea as to 
the magnitude and character of this anisotropy, since all the surfaces 
investigated by this technique had a random orientation and formed 
an angle not less than 20° with any of the special surfaces. 

Crystallization wave spectrum measurements using a single fitting 

parameter, a, because of the excellent agreement between experi- 
mental and theoretical spectra, can be seen as one of the methods to 
measure surface energy. In practice, this method provides, perhaps, 
a much better accuracy as compared to e.g. the method based on 
direct investigation of equilibrium crystal shape (see [1.63-64, 1.78]). 
In our case, accuracy is mainly governed by that of wavelength 
measurements. 

The main advantage of our technique is that it falls into the 
"zeroth" category, viz. it is not related to direct amplitude measure- 
ments of any signal. Therefore, its "response" does not involve any 

5-092 
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characteristics of the measuring scheme like amplification factor, 
optical channel transmission, etc. The accuracy of measuring a dis- 
placement, which is the space between signal zeros, is effected by 
noise level. This was held to within 1%, except for the limiting 
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Fig. 1.19. The crystallization wave spectrum for a sample at two 
temperatures: O T = 0.360 K, # T = 0.505 K. 

points of the frequency range investigated where the signal-to-noise 
ratio was substantially reduced. This ratio could be improved in two 
ways: either by increasing the time constant of the detector or by 
increasing the exciting signal amplitude. The first one is accompanied 
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by an exorbitant increase in measurement time (when the chosen time 
constant of our detector was 1 s, one experimental record required 
not less than 10 min.). The second way is unacceptable, also, since 
at high exciting voltages, as has been mentioned, crystallization 
occurs over all of the capacitor surface that is placed above the 
main meniscus. In this case the total liquid volume inside the con- 
tainer changes periodically, and the resulting surface oscillation con- 
sists of the wave under investigation, being superposed over a quasi- 
homogeneous oscillation of the same frequency. As a result, the signal 
record "drifts out" of the zero level, spacings between zeros cease to 
be the same and an accurate wavelength measurement becomes 
impossible. This effect can be substantially reduced by placing the 
meniscus as close to the upper edge of a capacitor as possible, however, 
it cannot be eliminated completely. Besides, at high exciting 
amplitudes, the damping measurement results become unreproducible 
(in this process the spectrum does not change in an appreciable 
manner). This is, perhaps, related to the irreversible changes in 
a crystal caused by prolonged exposure to an ac electric field of 
high amplitude. Currently, the physical nature of these changes is 
open to speculation; it is felt that they are caused by the creation 
of some crystal defects. 

Since measurements of damping, viz. of the x values, are related 
to amplitude measurements, an additional difficulty arises which is 
caused by imperfections in our optics. These are mainly due to 
glass contamination. The most unpleasant consequencies of these 
contaminations are the depositing of particles of a fine-grained sus- 
pension of solidified gases on the windows of the helium Dewar vessel 
and vacuum jacket. These solidified gases are mainly air that is 
permanently trapped in cryogenic liquid helium. As a result, the 
intensity of the transmitted light becomes an extremely complicated 
function of the ^-coordinate, and the amplitude distribution of the 
registered maxima no longer follows an exponential law. Since the 
amplitude of the detected oscillations is very small (much less than 
the total height of the lightbeam), calibrating the records against the 
total intensity of transmitted light, although eliminating large scale 
inhomogeneities, does not fully compensate for all inhomogeneities. 
When measuring the temperature dependence of damping, positions 
of maxima are not changed with temperature, viz. within the exper- 
imental error limits the spectrum is not temperature dependent and 
this alleviates the problem. But when measuring damping its values 
can contain small (^0.5 cm -1 ) uncontrollable additional terms that 
stem from the fact that it is impossible to exactly calibrate the 
transmission. This is why temperature variations of damping can 
be measured more accurately than damping itself (e.g. at lowest 
temperatures). When measuring the frequency dependence of damping, 
the separations between maxima change with frequency. To improve 

5* 
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the experimental accuracy, the measurements at each fixed frequency 
were repeated several times for different values of the phaseshift be- 
tween exciting and reference signals (in this case all maxima are 
shifted, the separation distance being fixed). 

The magnitude of damping, as follows from Eq. (1.18), is deter- 
mined by the relationship: 

x=4-PiP2 /3 (Pi-p 2 )" 2/3 «" 2/3 (mK)-i<*U* (1.27) 

(in the frequency range investigated gravitational correction can be 
neglected). Figure 1.20 presents the results of the frequency depen- 

x,cm 1 r 




Fig. 1.20. The frequency dependence of crystallization wave 
damping at two temperatures: O T = 0.360 K, £ T = 0.505 K. 

dence of k at two different temperatures for a sample whose spectrum 
is shown in Fig. 1.19. The dependence x ~ co 1 / 3 is seen to hold within 
the experimental error, viz. the damping is caused by the finiteness 
of the growth coefficient (the contributions from other possible 
damping mechanisms for this sample probably do not exceed 1 cm* 1 ). 

According to Eq. (1.14), at low temperatures, when energy dissi- 
pation due to the motion of an interface is determined by the latter's 
collisions with phonons, the growth coefficient is dependent on tem- 
perature according to the law K oc T 7 - 4 . At higher temperatures, 
when the number of rotons in liquid becomes sufficiently large, it 
mainly obeys the law K oc exp (A r /T), where A r is the roton gap 
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width. Figure 1.21 demonstrates the temperature dependence of the 
quantity —g calculated from the x values measured for three 

different samples. 

It can be stated that at low temperatures damping diminishes more 
slowly than if it were a purely phonon mechanism. When comparing 
experimental data with theory, it should be borne in mind that in 
a real experiment there are causes that lead to residual damping, viz. 
to finite damping at arbitrarily low temperature. This concerns 
different processes for scattering of crystallization waves from both 
crystal defects and surface oscillations caused by the apparatus 
vibrations, effects of radiation source geometry and meniscus curva- 
ture, and others. Such residual clamping, evidently, can be greatly 
changed from one sample to another and, depending on the dominating 
scattering mechanism, is varied with frequency according to various 
laws. From this point of view one can easily explain the systematic 
discrepancy between the data sets pertaining to two different fre- 
quencies for the sample N°3 in Fig. 1.21 (in fact, the residual damping 
amounts to x ~ 2 cm -1 for both frequencies). It seems likely that 
crystal defects exert the most pronounced influence on the results of 
damping measurements. This assumption is favored by the fact that 
damping is substantially intensified when the crystal is first heated 
up to 0.8-1.0 K, and then recooled again. An analogous result is 
observed after a crystal "shake-up" by an ac electric field of the high 
amplitude, of about 1 kV. 

These reasons enable the data in Fig. 1.21 to be interpreted as fol- 
lows. We shall assume that the measured damping is composed of 
three independent terms, viz. residual damping as well as phonon 
and roton ones: 

1 

-L^ = A(o>) + BT* + Ce * (1.28) 

Hence, according to the said above, the coefficient A can vary from 
one sample to another and, besides this, it can depend on frequency. 
The phonon damping terms, B, caused by a strong anisotropy of sound 
velocity in the crystalline 4 He, can be notably changed by the 
sample's orientation. The roton contribution, C, which mainly de- 
pends on the .characteristics of the liquid's rotons, probably has 
approximately equal values for all the samples. 

The curves are drawn in Fig. 1.21 according to this interpreta- 
tion, and demonstrate the contributions of the first two terms to Eq. 
(1.28). The roton contribution found by this method is depict- 
ed in Fig. 1.22. All data are seen to fit one dependence having the 
form, exp ( — A r /T), which is essentially the most serious argument 
in favor of this interpretation. The obtained value A r = 7.8 K 
lies somewhat above the neutronographic and calorimetric data, 



which range from 7.1 to 7.3 K [1.79]. This difference, however, can 
only be an apparent one, since the coefficient C may depend on tem- 
perature according to a power law, as do the majority of quantities 
which the roton spectrum defines (heat capacity, normal density, etc.) 
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Fig. 1.21. The temperature dependence of crystallization wave 
damping for three samples: sample N°3, O 1H3 Hz, # 232 Hz; sample N°4, 
□ 827 Hz; sample N°5 , 837 Hz. 

It would be very interesting to compare these results with other 
experimental data concerning the kinetic growth coefficient of 4 He 
crystals. Presently, there are no such data in the phonon region. 
q the roton region, our data on both temperature dependence and 



Crystallization waves in 4 He 



71 



absolute value agree well with the results of Gastaing 11.51 which he 
obtained by studying the anomalous transmission of sound through 
a quantum-rough interface, as well as with the results of Boden- 
sohn [1.80] which he obtained in measuring the time needed to 
establish an equilibrium shape of 4 He crystals that had an electrical- 
ly charged surface. As to the comparison of experimental data with 




Fig. 1.22. The assumed roton contribution into damping. Nota- 
tions are the same as in Fig. 1.21. The straight line corresponds to A r = 7.8 K. 

the quantitative theory [1.41-42], the case seems to be much less 
clear. In the phonon region, our data are within an order of magnitude 
of that predicted by the theory. Nevertheless, this agreement should 
not be taken too seriously due to the insufficiently reliable, in our 
opinion, identification of the phonon contribution to the crystalli- 
zation wave damping. In the roton region, in addition to a true tem- 
perature dependence, the theory [1.41] predicts a damping 20-fold lower 
than the observed one. Besides, according to the same theory, this 
result is valid only in the ballistic regime, where the roton free- 
path is much longer than the crystallization wavelength. However, 
in our experiments and, even more so, in the experiments by Castaing 
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and Bodensohn, an opposite hydrodynamic regime of damping takes 
place. 

According to Andreev and Knizhnik [1.41], in the hydrodynamic 
regime, crystallization wave damping is only due to dissipative 
processes in bulk of both the liquid and crystal, since the conditions 
at a moving interface correspond to a thermal equilibrium (even at 
finite temperatures). The last statement should be considered as an 
assumption that is even more strong than the assumption about the 
nondissipativity of crystallization at T = 0. According to this 
assumption, the growth coefficient in its primary sense appears to be 
infinite. To define damping one introduces an effective growth 
coefficient which is related to total damping by the same relation 
(1.19); for this we shall use the former notation, K. It is essential 
that the effective growth coefficient so defined turns out to be fre- 
quency (or wave vector) dependent; the actual form of this depen- 
dence is strongly influenced by a dominating dissipation mechanism 
type. The roton contribution to damping is described by the expres- 
sion: 

^T= 2 -JT (1 - 29) 



where r] r is the roton viscosity. Within the temperature iange we 
are interested in, the value of r| r is temperature independent and 
equals about 2-10 -5 P [1.81-82]; this value is too small to provide 
an appreciable contribution to the damping observed. Thus, the 
fast build 'up of damping at T > 0.5 K remains, essentially, unex- 
plained. 

In order to estimate the crystal phonons contribution to the total 
damping, let us take into account that for these phonons the con- 
dition kl N <^ 1 can be taken as satisfied in our experiment, albeit by 
slightly stretching a point. If, in addition, one could neglect all 
processes not conserving quasimonijentum, viz. when the following 
condition is valid, 

«n» (yh (1-30) 



(Z N and Ijj are th mean free paths of crystal phonons characterizing 
normal and Umklapp processes respectively), then the corresponding 
contribution will be described by an expression like (1.29), where 
the roton viscosity is replaced by the crystalline phonon viscosity. 
In sufficiently perfect crystals, at T 0.5 K one has !u > 1 cm 
[1.75, 1.83], so that condition (1.30) is, perhaps, actually satisfied; 
yet, the observed temperature and frequency dependences of damp- 
ing are not adequately described by expressions like (1.29) (the 
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phonon viscosity is proportional to T' 1 [1.84]). In the opposite limit- 
ing case of a "very poor crystal" [1.41], the following expression 
was obtained: 

1 = TS* 131 
mK PiX s fc ^ ' ' 



where S is the entropy per unit volume, / s the thermal conductivity 
coefficient; "intermediate" cases are also possible. By using various 
assumptions about the number and character of crystal defects, one 
could try to "fit" formulas of the theory [1.41] to experiment. The 
fitting, however, would be inevitably of such a speculative character 
as to be of no interest at all. In any case, it is evident that for a 
sufficient understanding of the damping mechanisms of crystallization 
waves, a wealth of work must be done both in experiment and in 
theory. In connection with this, let us note a very interesting fact 
discovered by Bodensohn [1.80]: the kinetic growth coefficient is- 
practically unchanged in passing from the hep- to the bec-phase of 
4 He. This point is difficult to understand from the viewpoint of current 
theory. Investigations of the effect of 3 He impurities on crystalli- 
zation wave damping promise to be no less interesting. Let us now 
consider this question in more detail. 

First, let us estimate a possible effect of the impurities in our 
experiments. With T c^. 0.5 K and the concentrations ~10~ 8 , the 
3 He impurities in a liquid a*e reduced to a nondegenerate gas. Then 
their contribution into damping (see Sec. 1.3.2) is, by order of 
magnitude: 

_L_ _ _?3L . *L _ 251 _ 10 - 4r l/2 (cm/s) 

mK n m n m x ' 



(m* is the effective impurity mass). The effect of the impurities 
on the mean free path of thermal excitations in both liquid and 
crystal at so low concentrations can be neglected. Consequently, in 
the temperature range investigated, the impurities can yield a siza- 
ble contribution to damping at concentrations of about 10 ~ 5 . This 
estimate, however, can be significantly changed, if impurity energy 
levels exist at a crystal-liquid interface, as is the case with the free 
surface of liquid helium [1.85]. Presently, there are no evidence on 
those levels; investigations of this question are important not only for 
understanding the damping mechanism of crystallization waves, but 
they are of a considerable interest on their own. 

Recently, the concept of coherent crystallization has been inde- 
pendently corroborated in the experiments by Huber and Ma- 
ris [1.7] (see also [1.8-9]). They measured the Kapitza resistance at 
a quantum-rough interface between solid and liquid helium. At low 
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temperatures (below 0.3 K), when the transmission coefficient of 
"thermal" phonons through the interface is small (according to the 
theory [1.6] based on these concepts), the Kapitza resistance was 
proven to vary as the ( — 5) power of temperature, just as the theory 
predicts. Thus, these experiments demonstrate the applicability of 
the concepts of quantum-rough state and coherent crystallization in 
analyzing the ultrahigh-frequency processes, at least up to 10 10 Hz. 
In this connection let us remember that, from the viewpoint of the 
theory discussed is Sec. 1.3.2, the concept of coherent crystallization 
should be valid up to frequencies of about A/fi, viz. (10 i0 -10 u ) Hz. 

Finally, let us mention two very interesting and up to now com- 
pletely unexplored questions. They are, first, the investigations of 
the spectrum and damping of crystallization waves for surface orien- 
tations close to the "singular" ones. Here most interesting is the char- 
acter of singularities in angular dependences of spectrum and damp- 
ing at Therefore, in principle, a tempting possibility emerges 
to directly compare experimental data with microscopic theory 
{also as yet not created), using the model concepts envisaged in 
Sec. 1.3.1. Second is the question of crystallization waves in 3 He 
whose observation might be possible at temperatures below 1 mK. 
Here, due to spin degrees of freedom, it is possible to observa novel, 
interesting effects as compared to 4 He [1.86]. 



1.5. CONCLUSICN 

In our opinion, the experimental evidence indicates 
conclusively that the concepts of quantum-rough state and coherent 
crystallization have real meaning. In any case, the gigantic values of 
kinetic growth coefficient observed at the lower end of the investi- 
gated temperature range exceed its classical upper bound by 4- 
5 orders of magnitude, and cannot be explained in any reasonable 
way within the framework of known classical crystallization mechan- 
isms. The experiments on the anomalous Kapitza resistance corro- 
borate this conclusion, and, in addition, suggest that the concept of 
coherent crystallization is applicable to analyzing ultrahigh- 
frequency processes. 

Until quite recently, Fisher and Weeks [1.34], and after them oth- 
er authors (see, e.g. [1.35]), using various theoretical models of 
helium crystal surface, have called in question the very existence of 
the quantum-rough state. Leaving aside the strictly theoretical as- 
pects of this problem, we would like to note that there is now no 
explanation for the existence of crystallization waves and the anom- 
alous Kapitza resistance, except an explanation based on the 
-concepts of quantum-rough state and coherent crystallization. 

I would like to express here my gratitude to A.F. Andreev, 
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A. V. Babkin, K. 0. Keshishev, V. I. Marchenko, and A. I. Shalni- 
kov for participation in these investigations, and the fruitful discus- 
sions that to a considerable degree facilitated my understanding of 
surface phenomena in helium crystals. 
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O Sound Propagation Through 
a Liquid-Metal Interface 
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2.1. INTRODUCTION 

Studies of the acoustic properties of an interface between 
liquid helium and solid began after Kapitza discovered [2.1] 
a fundamental phenomenon in low temperature physics, viz. the 
temperature jump which was called the "Kapitza temperature jump". 

Kapitza established that when heat is being transferred from 
solid into liquid helium or vice versa, a temperature difference AT 
is observed at the interface which is proportional to the heat flux 

• ATS 
density, Q/S. The interface's thermal resistance, i?K = — — , is 

Q 

therefore inversely dependent on the cube of the temperature. 

Later, the Kapitza jump was observed at low temperatures at the 
interface beween any two media at least one of which was dielectric 
and which differ in their acoustic resistance, (p* is the density of 
medium and c is the velocity of sound). The relationships found by 
Kapitza for the He-II solid interface have also been qualitatively 
confirmed in experiments with other substances. 

A theory describing this phenomenon was suggested by Khalatni- 
kov [2.2]. Since the elementary excitations in He-II are phonons and 
rotons, and the thermal excitations in the crystalline solid are crys- 
tal lattice oscillations, viz. phonons, heat transfer between the solid 
and liquid must take place via an energy transfer from the phonons 
in the liquid to those in the solid or vice versa. The rotons play an 
insignificant role in the heat transfer because the number of phonons 
in a solid with an energy higher than or equal to a roton's energy, 
A = 8.6 K, is exponentially small. 

Since the acoustic impedancies of the media are mismatched 
(~10 3 ) and the phonon critical angle in helium is small (^10°), 
the heat transfer is strongly limited. This results in the interface's 
thermal resistance, /?k, and overheating of one medium relative to 
the other. 

The Kapitza jump is one of the most complicated phenomena in low 
temperature physics. Numerous experiments have demonstrated that 
the real heat transfer proceeds much more efficiently than that should 
be expected from the Khalatnikov acoustic theory. The discrepancy 
is especially large (up to two orders of magnitude) at T ~ 1-2 K. 
The predicted strong dependence of Rk on the elastic constants of the 
solid was not observed experimentally, with the theoretical 7 1-3 law 
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being satisfied only at very low temperatures 0.1 K). The experi- 
ments also established a strong dependence of Rk on the properties 
of solid phase's surface: at low temperatures the Kapitza resistance 
depends mainly on the character of the mechanical and thermal 
processing of the surface and R K is weakly dependent on the liquid 
phase's properties ( 4 He or 3 IIe). 

During the past decade, an investigation of the angular and fre- 
quency dependences of the transmission and reflection coefficients of 
phononscrossing the boundary between liquid helium and a solid have 
been carried out in order to test the theoretical fundamentals 
experimentally and to find an explanation for those facts inconsistent 
with the theory. 

This review contains the results of experimental low temperature 
studies of acoustic wave (acoustic phonons) incident from liquid 4 He 
on the surface of metal (tungsten or gold) [2.3-5]. The experimental 
apparatus, experimental data, and a discussion of them can be 
found in Sec. 2.3. The theories that explain physics of the phenome- 
non and that were used to analyze the data are briefly discussed in 
Sec. 2.2. Readers familiar with the acoustic theory of heat transfer 
can pass over this Section. 



2.2. ACOUSTIC PHENOMENA 

AT A LIQUID-SOLID INTERFACE 

2.2.1. Reflection and transmission coefficients 
of the acoustic energy according 
to the classical acoustic theory [2.6]. 

Let a plane wave be incident on the liquid-isotropic solid interface 
from a liquid that occupies the half-space z > (see Fig. 2.1). The 
velocity V of particles in the liquid is determined by the preset 
scalar potential cp, viz. V = grad cp, and in the solid by the scalar 

potential O and vector potential if, so that u = grad O + rot if, 
where u is the displacement vector. Let the wave vector k of an inci- 
dent wave lies within the #z-plane. We choose \f so that \|? v = i|\ 
tyx = ip 2 = 0. Then incident and reflected waves can be written in 
the form: 

cp = Ae iIl ( x sin cos ^ e-i®t (2.1) 
cp r = ^ r e iA <* £ine + zcose ) e~ iG3t (2.2) 

where A and A T are amplitudes and w is a frequency. 

Longitudinal and transverse waves that arise in the solid are 
denoted by the subscripts 1 and t, respectively: 
(j ) = 4 ift^xsine^zcosej) e _ i(iit ^.3) 

= A t e ik ^ x sin e f 2 003 e t> e -i<*t (2.4) 
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Here 9, 0i, and t are the angles between the z-axis and the corre- 
sponding directions of wave propagation, w r hile k, k\, and k t are the 

corresponding wave numbers: k = — , k\ = — , k t = — , where c, c\, 
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Fig. 2.1. The wave excited by a plane acoustic wave incident 
from the liquid (z > 0) on the surface of the solid (z < 0); 8 are the angles of 
incidence and reflection of the incident wave in the liquid; 0i and 0t are the 
angles of refraction of the longitudinal and transverse waves in the solid; u T 
and k, k r are, respectively, the displacements of particles and the wave vectors 
of the incident and reflected waves in the liquid; u h i^andA^, Jc t are the displace- 
ments of the particles and the wave vectors of the refracted longitudinal and 
transverse waves in the solid. 



and c t are propagation velocities of waves From Snell's law we have 



k sin 8 = k x sin 0! = k t sin t ; 



sin sin 0] _ sin 0t 

c c\ c t 



(2.5) 



The A T , A i, and A t coefficients are determined from the boundary 
conditions at z = (normal displacements like normal stresses 
on both sides of the interface are equal to each other and a shear 
stress vanishes ©n\the boundary). 
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By neglecting the effects of sound absorption in the solid and 
liquid, we obtain the known solutions [2.6]: 

At_ = Z) cos 2 29 t + Z t sin 2 29 t — Z (2 fi v 

A ~ Z\ cos 2 29 t -f-Z t sin 2 29 t + Z ' ' 

A\ _ p 2Z\ cos 29 t ^2 7j 

(2.8) 



A D ZiCos 2 29 t + Z t sin 2 29 t + Z 
A t _ p 2Z t sin 29 t 



A D Z\ cos 2 26 t + Zt sin 2 29 t + Z 



Z = _^, Z I= -22i Z t =-^- (2.9) 
cos 9 ' 1 cos 9j ' 1 cos 9t v ' 

where p and D are the densities of liquid and solid phases. 

Suppose / , / 4 , and / 2 are the intensities (energies) of incident, 
reflected, and transmitted waves, respectively. Then the reflection 
coefficient of energy from the interface is 

v(6, co)= £ = (2-10) 
and the transmission coefficient of energy into the solid is 

u>(9, co) = ^- = l-J- (2.11) 
According to (2.11) and (2.6), for normal incidence we shall have 

"<°> = (iSW (2J2) 

For pc<^Dc h 

w(0)c^; v(0)~l-£ (2.13) 

Snell's law (2.5) predicts that there are two critical angles of inci- 
dence, X and 2 , for which the sines of the refraction angles of lon- 
gitudinal and transverse waves in the solid are equal to unity: 

G^arcsin-^- and 2 = arcsin-^- (2.14) 

When < 0j_, longitudinal waves are mainly excited in the solid 
(the transverse sound contribution amounts here to a few percent), 
whereas when X < < 2 , only transverse sound is excited. 
When 0^ 2 , the total impedance of the solid 

Z s = Z/ cos 2 20 t + Z t sin 2 20 t (2.15) 
is a pure imaginary quantity. Therefore the modulus of the ampli- 
tude ratio \~^\ — 1» whence the reflection coefficient v = 1, and 

6-092 
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the transmission coefficient (0) = 1 — v (9) ^0. Thus, in the 
absence of attenuation, the total internal reflection takes place in the 
post-critical region (6^ 9 2 ), viz. acoustic energy does not pass into 
solid. 



2.2.2. The Khalatnikov Theory of Liquid Helium-Solid 
Heat Transfer. Kapitza Resistance [2.2] 

Let us consider a heat flux from liquid helium to the solid. 
The phonons from helium incident at the angle 8 to an infinite liquid 
helium-solid interface follow the laws of classical acoustics. For this 
reason the probabilities that a phonon having the frequency co will 
be either reflected or transmitted are equal, respectively, to either 
the reflection coefficients, v (to, 6), or transmission coefficients 
w (to, 6), of the energy of a plane acoustic wave. 

A phonon from helium incident on a wall transfers an energy 
equal to h<$-w (to, 6) to the solid. The number of phonons which are 
incident on a unit area per unit time is n (ha)/k B T) c cos 9, where 
n (h<i>/k B T) = [e ho >< k B T — l]- 1 is Planck's distribution function, 
and k B is Boltzmann's constant. 

The total power flux which is transferred to the solid is 



W(T)=^n (ha/k B T) c cos Qhioiv (to, 6) 



dk 



(2*)» 

co ji/2 

W (T) = j n (HulksT) <o 3 do> j w (co, 6) cos 9 sin 6 dQ (2. 16) 

^ 

If we assume that w does not vary or weakly varies with frequency 
in the vicinity of the predominating frequency, co = 3k B T/h, then 
when integrating with respect to a frequency, we shall have 

4 n/2 

W ^ = l^ $ (8) cos 9 sin 9 d9 (2.17) 

o 

When the temperature difference between helium and solid is equal 
to AT, the resultant power flux through the interface will be 

4 */2 

kW(T) = n *W 3 f \ u>(e)cos(e)sin(e)d8 (2.18) 



By introducing Khalatnikov's notation, 

jt/2 

^=4" ^t^rfS *W6)cos9sin9d9 (2.19) 
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we obtain the original Khalatnikov formulae for the heat flux AW> 
and the Kapitza resistance, R K : 

p Dc t ci 15ft 3 1 n 9n 

* K= -pri*£ia-T (2 - 21) 

In order to calculate the function F, Khalatnikov subdivided the 
range of integration in (2.19) into three domains: from = to 

= 0! = arc sin — , then from = 0! to = 2 = arc sin — , and 

from = 2 to = at/2. 

The first two integrals determine the contribution of longitudinal 
and transverse waves that are excited in the solid by the phonons. 
This part of F function is normally denoted by F x and is easily 
calculated by means of (2.6), (2.11) from the acoustic theory. 

The third integral denoted by F 2 is appropriate for angles of 
incidence that are within the total internal reflection region, where 
surface Rayleigh waves can be induced in the solid by incident pho- 
nons. The F 2 value is determined by the contribution of Rayleigh 
waves to the energy flux which is transferred to the solid and normal 
to the interface. 

When there is no attenuation, at > 2 , w is a pure imaginary 
quantity. In this case the Rayleigh waves energy transfer is only 
along the solid surface, and the energy flux normal to the interface 
vanishes (F 2 = 0). The F 2 value is nonzero only when the attenuation 
is present in the solid. Khalatnikov calculated F 2 at the limit of 
a strong coupling between Rayleigh wave and solid excitations, 
when Rayleigh wave energy is totally absorbed by the solid. The F 1 
and F 2 calculation will be detailed in Sec. 2.2.4. Here we shall only 
note that the calculation performed in [2.7] using the Khalatnikov 
formulae demonstrates that, for the solids having Poisson's ratios 
from 0.2 to 0.45 [2.8] , the value of F x is about 0.6 and F 2 varies from 
1.4 to 0.8. Thus, for the majority of solids, F = F x + F 2 = 2.0-1.4, 
viz. the Rayleigh wave yields the same contribution to the heat flux 
as bulk waves do. Therefore, Khalatnikov's works show that account- 
ing for the Rayleigh wave does not significantly improve the 
agreement between theory and experiment. 



2.2.3. The Andreev Theory of Resonance Absorption 
of Sound by a Metal Surface 

Khalatnikov's works do not discuss concrete median, 
isms for surface wave energy absorption by the solid phase. Later on 
Little [2.9] and Andreev [2.10, 11] noted that the interaction be' 



6* 
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tween phonons and conduction electrons may be the basis for such 
a mechanism in metals. 

In order to account for the acoustic energy absorbed by conduction 
electrons, Andreev introduced an additional term, Y, into the clas- 
sical formulae (2.6)-(2.8). This term stands for the impedance of 
the transmission of sound across an interface which is accompanied by 
the excitation of a Rayleigh wave, and has a real part in 
the vicinity of the Rayleigh angle of incidence, R . The latter 
is called the third critical angle of incidence, it falls within the 
region of total internal reflection angles near 2 , and is determined 
by the relationship 

sin8 R = — = -jj- (2.22) 

where c R is the velocity of Rayleigh waves on a free surface of metal 
whereas g < 1 [2.8] (see also Sec. 2.2.5). 

Taking into account the impedance Y, formulae (2.6)-(2.8) in the 
vicinity of the angle R acquire the following form: 



(2.23) 
(2.24) 

(2.25) 



A T Z s + Y — Z 
A ~ Z s + Y+Z 
A\ _ p 2Z\ cos 29 t 
A D Zs + Y-j-Z 

A t p 2Z t sin 28t 

A ~ D Z s -^-Y + Z 

y=G w < 2 - 26 > 

from which at the angles of incidence close to 8 R , we have 
45 

W ( Q ) = (B + l) 2 + (6-0 R ) a [^^f/(pc) 2 l 2 ^ 2 ' 27i 

Here p is the electron momentum at the Fermi surface, B = y/pc, 
while G and H are the functions of elastic constants of helium and 
metal. 

As can be seen from (2.27), accounting for the sound absorbed by 
conduction electrons leads to a strong variation in the angular 
dependence of the acoustic transmission coefficient in the vicinity 
of the Rayleigh angle of incidence, R . When the angle of incidence 
is R , the wave vector projection of an incident wave onto the 
interface plane is equal in absolute value to the wave vector for 
a Rayleigh wave having the same frequency. The Rayleigh wave is 
excited in the resonance mode on the metal surface by the energy 
of incident sound wave. At Z e ^> X, where l e is the electron free path 
and X is the sound wavelength in metal, and at an angle of incidence 
equal to R acoustic energy will be almost completely absorbed. 
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The transmission coefficient w (6) will demonstrate a sharp peak 
whose height is about unit and width is about pc 2 IDc\. 

Thus, by starting with the electron mechanism for phonon absorp- 
tion in metals, Andreev was the first to predict the existence of an 
anomalously high transmission coefficient of sound from liauid heli- 
um into metal at the Rayleigh angle of incidence. 

However, as was shown by Andreev himself, thereby heat trans- 
fer tends to be equal to the magnitude calculated by Khalatnikov 
only at the limit of a strong coupling of phonons with conduction 
electrons and it does not exceed this magnitude. 

2.2.4. The Generalized Acoustic Theory 

Merkulova [2.12] was the first to account for absorption 
of sound by the bulk of the solid, when calculating the amplitudes 
and phases of the reflection coefficient of a plane sound wave incident 
on the liquid-solid (water-soil) interface. As a result, the acoustic 
theory was generalized to include an absorbing solid medium. It 
was called the generalized acoustic theory. Shortly after, an absorp- 
tion of sound in both media was accounted for by Mott [2.13]. 

In the vicinity of the Rayleigh angle of incidence, 6 R , a pro- 
nounced minimum in the reflection coefficient whose depth and width 
depend on the absorption coefficient of sound in the solid is report- 
ed to exist [2. 12]. The phase of the reflected wave is abruptly changed, 
when passing through Rayleigh angle. These calculations were 
then confirmed in experiment [2.14]. 

In 1972, theoretical works by Khalatnikov and Adamenko [2.15], 
Peterson and Anderson [2.16], Haug and Weiss [2.17] were simulta- 
neously published. In these studies the generalized acoustic theory 
was applied to describe the phenomenon of thermal phonons passing 
from the liquid helium into the solid. The basic mechanism for the 
attenuation of sound in dielectrics is said to be the attenuation on 
dislocations, whereas in metals it is composed of two constituents, 
viz. the attenuation on electrons and that on dislocations. 

In papers [2.16, 17] an angular dependence of the transmission 
coefficient of phonons passing from liquid helium to the solid, with 
a due regard for the bulk attenuation of sound in the solid was com- 
puter calculated. The attenuation in the liquid was taken to be zero. 

The attenuation of sound in the solid was accounted for by intro- 
ducing complex wave numbers: 

fci.t = -^=^(1 + ^) (2.28) 
or complex velocities 

ci,t = cirt(l + ip,, t )- 1 (2.29) 
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where k{°\ and c[y t are real numbers and p lt t are the dimensionless 
attenuation parameters for energy of longitudinal and transverse 
waves and 0<P\, t < 1- The attenuation parameters, P\, t, can 
be expressed in terms of the absorption coefficients for acoustic 
energy which are 

1 i Jo 
JW e-Vi,t* 

Since the imaginary part of the wave number is the attenuation 
coefficient of the wave amplitude, Pi t = and 



P\,t = 



Yi.t^'t 



2co 



4n I 



1, t 



(2.30) 



where y 1( t is the energy absorption coefficient (in nepers per unit 
length), t is the sound wavelength, l\ t t is the characteristic 
energy attenuation length (the distance required for intensity to be 
reduced by e times). In addition, boundary conditions require the 
generalizing of Snell's law to include complex velocities and wave 
numbers. 

With due regard for attenuation, the amplitude reflection coeffici- 
ent for the plane acoustic wave at a liquid-solid interface is 

(2.31) 



14- 




P-i 






P+i 



where 



P = 



Zi cos 2 20t + Z t sin 2 20 1 



(2.32) 



is a complex number in the general case. The phase of a reflected 
wave is changed according to the following law: 



(p = arc tan 



Mil 



= arc tan 



im(|qrf) 

"•(ten 



For the acoustic energy transmission coefficient we have 
/m A A, 2 A B — 1 2 





2 =1- 


P~l 


A 




P + l 



(2.33) 



(2.34) 



After algebraic and trigonometric transformations we shall obtain 
4R e p 



(2.35) 
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where 



= — cos 6 




P 




(2.36) 



Figure 2.2 gives an angular dependence of the real part of the ampli- 

tude reflection coefficient, and of the reflected wave phase, q), 

whereas Fig. 2.21 (Sec. 2.3) describes the angular dependence of the 
acoustic energy transmission coefficient, a (6) = w (6) X cos 8, for 
the 4 He-tungsten interface calculated by means of formulae (2.31)-(2.36) 
for several values of the attenuation parameter, p. 

The diagrams show that accounting for sound absorption in 
a solid significantly changes the nature of the curves u (6) and w (8) 
in the region of total internal reflection angles. A narrow high peak 
in the transmission coefficient and a corresponding fall in the reflec- 
tion coefficient appear at the angle of incidence, 8 R . One can easily 
see that in the vicinity of the Rayleigh angle the behavior of w (8) 
resulted from the generalized acoustic theory is similar to that 
calculated by Andreev. This is to be expected because there is only 
one physical reason for this phenomenon, i.e. the absorption in 
a solid of the energy of the Rayleigh waves which are resonantly 
excited by means of a sound wave incident at the angle 8 R . 

Using the formulae for the generalized acoustic theory we can 
easily calculate the heat flux from the interface, AW (7 1 ), and the 
Kapitza resistance, R K , when w is frequency independent. Let us 
put the function F (2.19) in which transmission coefficient, w (8), is 
determined by (2.35) and (2.36) into Khalatnikov's formulae (2.20) 
and (2.21). Then 



As in the basic Khalatnikov theory R K will be proportional to T~ 3 * 
If w depends substantially on frequency, then W (T) should be 
calculated from (2.16). The resultant Rk (T) dependence will differ 
from the cubic one, since the predominating frequency depends 
linearly on temperature. 

An increase in the heat flux according to the generalized Khalatnikov 
theory is mainly caused by the energy absorption of waves in solid that 
d ecreases exponentially normal to the interface. The waves are excited at 
large angles of sound incidence, and penetrate to a depth about 0.01-0. 1 K. 




JT/2 



(2.37) 



o 
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Fig. 2.2. Calculated dependence of the real part (a) and the 
phase (b) of the amplitude reflection coefficient in a plane acoustic wave incident 
from the liquid 4 He on the tungsten surface as a function of the angle of inci- 
dence (in the vicinity of the Rayleigh angle) for several attenuation parameters 
of sound in tungsten, p: 1-1.5 X 10" 4 , 2-3 X 10" 4 , 4— 1 X 10" 3 , 5— 3 X 10" 2 . 
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The total transmitted energy is greatly increased (up to two orders 
of magnitude) as a result of phonon absorption in the near-surface 
layer because the range of post-critical angles significantly exceeds 
Snell's cone. 



2.2.5. Rayleigh Surface Waves 

Unlike the bulk longitudinal and transverse waves that 
induce oscillations in the entire crystal lattice, a Rayleigh wave 
consists of two inhomogeneous waves: longitudinal and transverse 




Fig. 2.3. Relative amplitudes a and b of particle motion in the 
Rayleigh wave as a function of the depth in an isotropic solid [2.18, 2.21]. 



waves. They propagate across the free surface of a solid with iden- 
tical velocities c R and attenuate along the normal to the surface at 
a depth of about a wavelength. 

Suppose an isotropic solid occupies the half-space z<0, while 
another half-space (z > 0)isa vacuum, and a Rayleigh harmonic plane 
wave propagates along the ar-axis. Particles in the Rayleigh wave 
move in an ellipse whose major axes are parallel and perpendicular 
to the interface (z = 0): 

u x = acos(k^x — (ot) 
u z = b sin (k R x — (ot) 

Here A: R is the wave number defined by the relation k R = — . 

Figure 2.3 plots the relative amplitudes a and b of particle motion 
in the Rayleigh wave versus the depth expressed in wavelengths, 
for an isotropic semi-infinite solid [2.18]. 
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The figure shows that the trajectories of particles in the surface 
layer vary with depth. On the surface the amplitude ratio is 1.52 
(1.51 for tungsten). At a distance of 0.2 k from the surface the longi- 
tudinal component passes through zero and, as a result, the direction 
of particle motion in ellipses changes. 

Both components vanish at the depth of 2.0-2.5 k which means that 
the Rayleigh wave energy is concentrated within a narrow surface 
layer ~ 2k thick. The energy can be transferred deep into the body of 
the solid only when a strong coupling between Rayleigh wave and 
phonons or electrons exists. 

The Rayleigh wave velocity c R in an isotropic solid is defined by 
the Rayleigh equation [2.8]: 

[M^) 2 ] ! ^[>-(^)T 2 ['-(^)T <" 9 > 

where c x and c t are the velocities of bulk longitudinal and transverse 
waves in a solid. The equation was derived assuming no stresses at 
the half-space boundary (z = 0). The phase velocity of the Rayleigh 
wave in (2.39) can be approximated by the relation [2.21]: 

-2L = g» n^-j^'S (2-40) 

c t * 0.75 — (c t /cj) 2 v 7 

The ratio, c R /c t = |, is a constant characteristic for a given substance 
that depends entirely on the Poisson's ratio a [2.8]. For different 
substances £ varies from 0.874 to 0.955. Therefore, phase velocity of 
the Rayleigh wave is approximately 10% less than that of bulk 
transverse waves. 

Since the Rayleigh wave consists of longitudinal and transverse 
components, its attenuation along an infinite plane smooth surf ace 
of a solid body is determined by absorption coefficients of the corre- 
sponding longitudinal and transversal waves within the surface layer 
~ 2k thick. 

As shown in [2.18, 19] the Rayleigh wave attenuation parameter 
p R is a linear combination of the attenution parameters for longitu- 
dinal and transversal waves (at small p's): 

Pr =A Pl + (i-A)p t (2.41) 
where 

16(1-68) (2 42} 



1o = 



The value of A depends only on the Poisson's ratio a for a given sub- 
stance and it is plotted in Fig. 2.4. As seen in the figure the Rayleigh 
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wave attenuation parameter is primarily determined by the attenu- 
ation parameter of transverse waves p t . For tungsten (a = 0.28): 

A = 0.12, p R = 0.12 Pl + 0.88 p t 

At the solid-liquid interface Rayleigh waves undergo an addition- 
al attenuation due to the radiation of energy into the liquid. The 
radiation losses are proportional to the ratio pc/Dc x . On the liquid 
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Fig. 2.4. Dependence of 
the coefficients A and 1— A, which des- 
cribe the interaction between the atten- 
uation of Rayleigh and bulk waves in 
the solid, on Poisson's ratio o [2.18]. 



Fig. 2.5. Vector pattern 
of the total energy flux from a right 
angle for Rayleigh waves which 
are reflected, transmitted around 
the angle, and dissipated into bulk 
waves at the distance of 1.9 [2.21]. 
The incident wave propagates along 
the direction DO. 



helium-tungsten interface the ratio is about 10~ 3 , hence an energy 
attenuation of the Rayleigh waves by e times occurs at the length, 
l~ 1000 X R (in the case of / = 30 MHz, I = 10 cm). 

Transmission of Rayleigh waves is substantially influenced by 
surface defects (cracks, inhomogeneities, irregularities) [2.18, 2.20- 
22] and, when the geometry is restricted, bv the angles with radii 
r<A, R [2.18, 20]. 

On the defects and angles a Rayleigh wave is attenuated 
due to dissipating into bulk longitudinal and transverse waves. 
The dissipation occurs because the condition of no stress at the 
interface is violated at these points for a combination of incident, 
reflected, and transmitted waves. As a result, the angles 
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and defects accumulate energy that will be transformed into bulk 
longitudinal and transverse waves. 

Farnell's analysis [2.21] for a right angle shows that 41% 
of the energy of Rayleigh waves is transmitted around the angle T 
13% is reflected, and 46% is dissipated into bulk waves. In Fig. 2.5 
[2.21] vectors indicate the distribution of energy fluxes at the distance 
of 1.9 X R from the right angle for the Rayleigh waves reflected, 
transmitted and dissipated into bulk waves. 

Brekhovskikh [2.20] followed by Urazakov and Farkovskii [2.21, 
22] considered the attenuation of Rayleigh w r aves on periodic surface 
irregularities assuming the latter to be small and flattened. They 
have shown that with the spatial period of the irregularities, 
^ 2>, R , the Rayleigh wave attenuation coefficient has a sharp maxi- 
mum due to dissipating this wave into bulk ones. 

The above properties of surface waves indicate that for an infinite, 
smooth boundary without irregularities the ultrasonic Rayleigh wave 
attenuation is governed by the coefficients of bulk absorption, 
most transverse, of sound in a solid. When sample dimensions are 
restricted and surface defects are comparable to a wavelength, the 
attenuation of a Rayleigh wave increases due to dissipating into 
bulk waves at angles and defects. Thereby the energy of 
Rayleigh waves can be fully transformed into that of bulk waves. 

2.2.6. First Experiments on Reflection and 

Transmission Coefficients of Thermal Phonons 
Passing Across a Liquid Helium-Solid Interface 

Weber, Sandmann, Dietsche, and Kinder [2.23] investi- 
gated the reflection of monochromatic phonons penetrating a solid 
from either vacuum or helium at T ~ IK. The phonons of a fre- 
quency 290GHz were injected into a LiF crystal by means of a su- 
perconducting tunnel junction. The coefficient of reflection from pure, 
fresh cleaved (in liquid helium at 1 K) surfaces was drastically 
increased (almost up to 100%) as compared to that for a nonclea- 
ved crystal surface. This revealed an important role played by sur- 
face state in heat transfer. 

Mills and co-authors [2.24-26] studied an angular distribution of 
the emission and absorption of thermal phonons of an energy 
1-3 K by the cleaved surface {100} of a NaF crystal immersed in 
liquid helium. 

Pulse technique was used for the measurements. Emitter and 
detector had angular dimensions of 8° and 3° respectively. Double 
averaging over the emitter and detector angles made it impossible 
to see the detailed structure of the angular distribution w for the 
NaF crystal. The authors [2.24, 25], however, discovered a central 
maximum of phonon emission and absorption within a narrow cone 
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of angles close to the critical angles (Fig. 2.6). In the initial observa- 
tions [2.24] the cone was 2-3° wider than the calculated critical angle 
which could result from the dimensions of the emitter and detector 
employed as well as from absorption of Rayleigh waves. In the sub- 
sequent measurements of other cleaved facets of the NaF crystals 
[2.26] the central peak widtli corresponded to the calculated critical 
angle during negligibly small attenuating in a solid, which practical- 
ly meant the lack of the Rayleigh maximum. Hence, the nature of 
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Fig. 2.6. Angular distribution of emission by the cleaved surface 
{100} of a NaF crystal into the liquid 4 He (upper curve) and absorption of ther- 
mal phonons from 4 He (lower curve) by the same surface, obtained for two heater 
temperatures 1.4 and 1.6 K, respectively, under a pressure of pne = 24 atm 
£2.25]. 



the phenomenon was satisfactorily described by the generalized 
acoustic theory. For some NaF crystals the shape of central peaks 
for normalized curves at different T's corresponded to the value of 
the attenuation parameter p ~ 0.03, and for others, to p cz. 10~ 5 , 
which evidenced different dislocation concentrations in the sur- 
face layer. 

The extended wings outside the cone (Fig. 2.6), in authors' opin- 
ion, are caused by desorption of helium atoms from the crystal sur- 
face which is induced by high-energy phonons from the solid. As 
seen from Fig. 2.6, the desorption mechanism works only for the 
phonons emitted by a solid. 

Note that to avoid the beam scattering by thermal phonons Mills 
and co-authors carried out these measurements in the collisionless 
region of liquid helium at a temperature of~ 0.1 K and at a pressure of 
P^s 20 atm. At lower pressures the phonon helium spectrum decays 
which results in a noticeable broadening of the thermal phonon beam 
in the course of its propagation in the liquid phase due to a spontane- 
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ous decay of its high-frequency phonons. Gurevich, Leichtman, and 
Lomakin [2.27, 28] demonstrated that beam broadening is associated 
with a finite time of transverse relaxation t ± in three-phonon pro- 
cesses. 

Broadening of directed phonon beams at T < 0.6 K imposes se- 
vere restrictions on investigation techniques for the angular depen- 
dence of the phonon reflection and transmission coefficients across 
a He-II-solid interface. Commonly, the measurements with high- 
energy phonons are performed at P > 20 atm and T^O.l K r 
where the phonons are stable and there is no scattering by thermal 

phonons. Acoustic (sound) phonons with low energy — ~ 10~ 4 - 

B 

10~ 3 K (or 10-100 MHz) require only temperature restrictions 
(T^. 0.1 K), since such phonons are stable at any pressure. 

2.3. EXPERIMENTAL INVESTIGATIONS 

OF SOUND TRANSMISSION FROM 
LIQUID 4 He INTO A METAL 

2.3.1. Experimental Procedure 

The experiment involved measurement of the transmission 
coefficient of the acoustic energy of a plane monochromatic wave 
crossing liquid 4 He-metal interface versus its angle of incidence. 

The measurements were carried out on samples of gold and tung- 
sten at temperatures from 60 mK to 0.4 K under pressure of saturated 
helium vapour. 

Consider the main relations between the measured quantities and 

the transmission coefficient of the acoustic energy w (o, 0) = — » 

Suppose a plane sound wave (or a flux of coherent low-frequency 
phonons) of energy J and frequency co is incident at the angle 
from liquid helium on a 4 He-metal interface. The reflected wave 
energy J x will be both scattered by the walls of measuring chamber 
and absorbed by the liquid. To maintain a constant temperature T in 
liquid, we shall remove this energy through the walls. The acoustic 
energy J 2 which is transmitted into the solid is composed of energies 
of all types of oscillations of the solid, and with sound absorption 
possible in the latter it will be transformed into a thermal energy. 
In view of the large difference between the acoustic impedances of 
liquid helium and a solid body, the reflection coefficient is close to 
unity, therefore, we can ignore the acoustic waves which emerge 
from the solid and are transmitted back into liquid for the second 
time. Thus, with a high degree of precision the transmission coeffici- 
ent is equal to the fraction of the incident energy absorbed by the 
solid. Since the time for relaxation of acoustic into thermal 
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phonons in a metal at T ~ 0.1 K (t^ 10~ 6 s), [2.29] is much less 
than the time needed to establish a thermal equilibrium between the 
liquid and solid (x~ 10~ 2 ) the temperature of the solid should rise 
by amount AT corresponding to the Kapitza jump. 

In stationary conditions, when sound is continuously incident on 
an interface, the energy flux of acoustic phonons from a liquid to 
a solid is compensated by the return flux of thermal phonons from 
the solid to liquid, 

$ac. ph. ~ $therm. ph.* 
liq-*s s-*liq 

IVgqW cos 9 = (2.43) 
so that 

AT = No w cos (2.44) 

Here N is the density of the acoustic energy flux on the surface of 
the solid body, a cos 9 is the sample area on which the sound is 
incident and which is taken to be normal to the acoustic flux, s is 
the total area of the sample, and Rk is the Kapitza resistance. 

If the dependence A7 1 (9) is measured at a constant liquid tempera- 
ture T for various co, it is possible to find experimentally the quantity 

(co, 6)= v Ar * (2.45) 

v ' Noo cos t) Rk 

or 

a((o, 6) = u,cose = ^i_- (2.46) 

It should be readily apparent that only', the relative value of a (co, 9) 
is found in experiment. To obtain the absolute value requires either 
the normalization of a through equating the experimental value to 
the theoretical one for zero angle, or the measurement (using some 
other technique) the incident and absorbed fractions of energy. 

Let us estimate the order of magnitude of the quantities from 
(2.44) for the normal incidence of sound (9 = 0) and the sufficiently 
low temperature of liquid helium (T 0.1 K). Proceeding from 
the requirements of linearity of the effect (AT<C T) and reliability 
of measuring AT the value of AT is taken equal to lmK. 

Let us use the acoustic formula for the transmission coefficient 
at normal incidence (2.12) and the Khalatnikov formula for the 
Kapitza resistance (2.21). Then, for gold we shall have w (0) = 

180 

= 2.1 X 10- 3 , Rk = -jr cm 2 K/W. Substituting these and the 
experimental values a ~ 1 cm 2 and s ^ 4 cm 2 into (2.44) yields 
No = 10 [iW 
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Taking into account the fact that quartz emits in both directions 
and its efficiency in helium is less than unity (20-50%), the overheat 
of a gold sample by 1 mK in stationary conditions (at T = 0.1 K) 
by means of incident sound requires cooling capacity of 
40-100 \iW. With an increase in temperature, the Kapitza resistance 
is reduced and sound absorption in liquid helium grows significantly, 
therefore the refrigerating capacity should quickly increase with T. 
Even at T ~ 0.4 K and with the maximum refrigerating capacity of 
a dilution cryostat, the value of AT 7 partially approaches the 
threshold sensitivity level. 

Along with the high refrigerating capacity, measurements of 
overheating of the metal by sound require a high stability of tem- 
perature in the measuring chamber. At T ~ 0.1 K the heat capacity 
of metal is significantly lower than that of liquid 4 He and the relaxa- 
tion times are very small. Therefore the metal sample is in a thermal 
equilibrium with liquid and reproduces the smallest temperature 
fluctuations in the latter. 

Note also that observing narrow Rayleigh maxima imposes heavy 
demands on both the emitter quality along with its fastening (the 
emission should be uniform and flattened in space), and the quality 
of a sample and its surface. 

2.3.2. Apparatus 

A piezoelectric quartz transducer emitting a plane mono- 
chromatic acoustic wave was placed in the chamber filled with liquid 
helium (see Fig. 2.10). A sample of the investigated metal M was 
mounted 1 cm above the quartz transducer. The angle of incidence, 
0, was varied by rotating the sample, and was measured by a capaci- 
tance probe C. Two identical semiconductor thermometers made 
it possible to measure the absolute temperatures of the liquid and 
the metal, as well as their difference. The first thermometer, T x , 
was immersed into the liquid and the second, T 2 , was bonded to 
sample. The thermometer T 1 and the heater H placed in the liquid 
helium bath were used to stabilize the temperature of the liquid. 

2.3.2.1. General Setup 

The measurements were performed in a 3 He- 4 He delution- 
reirigeralor with 3 He circulating at a rate of 10~ 5 to 2 X 10~ 4 mole/s 
depending on the power dissipated inside measuring chamber. Figure 
2.7 shows a sectional view of the bottom part of the cryostat. It had 
one capillary tube German silver and five sintered copper heat exchan- 
gers. In the absence of a load a temperature of 10-15 mK was 
achieved in the mixing chamber in the circulation mode. A measur- 
ing chamber of ~50 cm 3 volume and the mixing chamber were made 
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from the same block of annealed oxygen-free copper. Condensation of 
4 He took place in the measuring chamber along a German silver 
capillary 0.2 mm in diameter and 1.5 m long. To eliminate a heat 
supply along the 4 He film, the capillary had a good thermal contact 
between the evaporation chamber and heat exchangers. 

The temperature of the liquid in the measuring chamber was 
measured by semiconductor resis- 
tance thermometers. The con- 
stancy of the calibration of the 
semiconductor thermometers was 
checked with a 3 He condensation 
thermometer in the form of a 
coaxial cylinder cavity inside the 
chamber wall with a capillary to 
condense 3 He. 

The sample was rotated by two 
bellows which were soldered vac- 
uum-tightly into flanges of the 
vacuum vessel and measuring 
chamber, as well as interconnect- 
ed by a textolite rod. 

2.3.2.2. The Measuring Chamber 

The chamber (Fig. 2.8) 
was an inverted can 4 cm in 
diameter and 5 cm high. The can 
bottom was also the bottom of the 



Fig. 2.7. Sectional view 
of the bottom part of the dilution refri- 
gerator: 1 — bellows "on vacuum vessel 
flange, 2— 3 He pumping out tube, 3— 
the capillary to supply 3 He into the 
still, 4— textolite rod, 5— still, 
6— tube heat exchanger, 7— sintered 
heat exchangers, 8— bellows on meas- 
uring chamber flange, 9 — mixing 
chamber, 10— measuring chamber, 

11— 3 He condensation thermometer, 

12— vacuum vessel, 13— the line to 
condense 4 He into measuring chamber, 
14— the capillary to fill-in deconden- 
sation thermometer, 15— textolite 
holder for heat exchangers. 
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mixing chamber. The light metal framework 1 (Fig. 2.8) which 
consisted of two parallel disks 2 and 11 linked by thin vertical rods 
was inserted into the chamber from beneath. The upper disk carried 

the sample, which could be 
moved, and the lower disk carried 
the emitter, which had a fixed 
position. The lower disk also 
formed the bottom part of the in- 
verted small can 12. After align- 
ment, the lower edge of the can 
12 was soldered vacuum-tight to 
the measuring chamber. 

The sample 16 was clamped in 
a double metal frame 8 suspended: 
by four flat springs 7 to support 
3 attached to the upper disk 2. 
The sample together with the 
frame w^re rotated by a rod 4 and 
a return spring 6, which set an 
initial angle of 9 « 20°. The* 
springs 7 provided rotation in one 
plane. An array of adjustable 
parallel plates 5 forming a vari- 
able capacitor was mounted on 
the upper part of the frame 8. 
Fixed plates were fastened on the 
disk 2. The change in the capac- 
itance was proportional to the 
angle 0. The angle 0=0 cor- 
responded to the maximum ca- 
pacitance. 

The rod 4 made from a nickel- 
chromium wire 0.3 mm in dia- 
meter was brought out into the 
cryostat vacuum vessel via the 
bellows on the cover of the measur- 
ing chamber. Once setting the 
initial angle 0, the wire was her- 
metically sealed in the bellows. 
The rod was moved by a second 
bellow soldered to the upper 
cover of the vacuum jacket 
(Fig. 2.7). Condensation of helium in the upper bellow and continuous 
variation of its pressure made it possible to vary the angle from 
—20° to +20° at a constant rate that could be altered within a wide 
range. 




12 



13 



14 



15 



Fig. 2.8. Measuring 
chamber: 1— metal framework, 2,11— 
Parallel disks, 3— supports, 4— rod, 
5— plates of variable capacitor, 6— 
return spring, 7— four flat springs, 
double metal frame, 9— quartz 
transducer, 10— quartz transducer hol- 
der, 12— inverted can, 13, 14, 15— 
platinum-glass joints, 16— sample. 
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The quartz transducer 9 in a special holder 10 was mounted on the 
lower disk 11 so that the centers of the sample and quartz were on 
the same vertical line. Electrical leads made from a superconducting 
wire (tinplated constantan) passed into the measuring chamber 
through the platinum-glass joints 13-15. 

2.3.2.3. Emitter 

The circular (15 mm in diameter) and rectangular 
(10 X 11 mm 2 ) X-cut quartz plates were used to emit acoustic waves 




(a) 



1 2 3 4 5 




6 7 8 9 

(b) 



Fig. 2.9. Sound source and sample, (a) Piezoelectric quartz 
transducer: 1— bronze cylinder, 2— three contact springs, 3— paper spacer, 4— 
stage, 5— screw, tf— piezoelectric quartz plate, 7— contact spring, 8— sound ab- 
sorber, 9— insulator, 10— support disk, (b) Sample holder: 1— sample, 2, 3— 
thermometers, 4— electrical leads, 5— epoxy resin, 6— double frame, 7— texto- 
lite spacers, 8— nuts, 9— screw. 

at 10, 20, and 30 MHz. The homogeneity of acoustic radiation was of 
a special concern. To ensure this, the characteristics of the quartz 
transducers were investigated by electronic and optical techniques. 
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The quartz plates having the best frequency characteristics both 
at room and helium temperatures were selected. At room temperature, 
the radial distribution of the intensity of the acoustic beam and its 
angular divergence in water and toluene were investigated by dark 
field technique. The travelling and standing waves that resulted 
from the addition of a direct wave and that reflected from the surface 
at a small angle were photographed for this purpose. 

When the acoustic radiation is homogeneous, the image of the 
travelling waves (viewed as dome-shaped because of the attenuation 
in liquid) remains unchanged during quartz rotation. The inter- 
ference pattern for standing waves is a system of parallel fringes. 
Deviation from parallelism indicates that the acoustic beam is 
diverged. At the fundamental frequency of 10 MHz, the best quartz 
plates ensured that at room temperature the divergence of the beam 
in water and toluene fitted the diffraction limit value, X/d = 36', 
within accuracy limits. 

The quartz characteristics were found to be influenced strongly 
by the way the quartz was clamped. When the mechanical contact 
between the quartz plate and the holder is minimal and the plate 
emitted sound freely in the liquid, the efficiency is maximal (50%), 
thereby the frequency response in liquid helium is insignificantly 
distorted. Fig. 2.9a shows the quartz emitter and its mounting. The 
quartz plate 6 with thin-film gold electric contacts deposited on both 
sides, lies freely on a polished circular stainless steel table 4 with 
a central hole copying the plate's shape yet having slightly smaller 
dimensions. The plate is isolated from the table by a ring-shaped 
paper spacer 3. The upper and lower electrical contacts were established 
by light phosphor-bronze springs 2 and 7 whose wire diameter was 
70 |um. The upper springs were soldered into a thin-walled bronze 
cylinder 1 that was slipped over the table. 

The quartz plate emitted in both directions. The down part of the 
acoustic radiation was absorbed by the sintered copper filter 8. 

2.3.2.4. Samples 

The measurements were performed with two samples: 
a polycrystalline gold piece and a tungsten single crystal having 
the ratio of the electrical resistances at room and helium temperatures 
of r 300 /r 4. 2 = 36 000 for gold, and 64 000 for tungsten. The gold 
sample was a parallelepiped 13 X 10 X 1.9 mm in size and was 
shaped by rolling followed by flattening in a press between polished 
quartz plates. The tungsten single crystal 1 in Fig. 2.9b was a cir- 
cular disk 8.6 mm in diameter and 1.5 mm thick. The normal to 
the face electro-polished disk surface made angles of 23 and 30° 
with the axes [100] and [101], respectively. The surface quality of 
the samples was checked with a Linnik interferometer and it was 
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found that the surface irregularities and deviations from a planar 
surface did not exceed 0.5 \im for gold and 0.3 fim for tungsten. 

Carbon and germanium thermometers were soldered on the gold, 
with one contact to the narrow strips (d ~ 0.2 mm) separated from 
the edge of the sample by spark machining. Similar thermometers 2 
and 3 were bonded to the rear surface of the tungsten single crystal 
by an electrically conductive adhesive. Direct contact of these 
thermometers with liquid helium was eliminated by coating them 
with epoxy resin mixed with quartz powder 5. The samples were 
insulated from the contact with the frame 6 by means of the bakelite 
spacer 7. 



2.3.2.5. Pickups 

The semiconductor resistance thermometers which were 
in good thermal contact with the sample served as indicators of 
the energy absorbed in the sample. 

Since the contact thermal resistance between two solids is much 
less than that between liquid helium and a solid body, the thermo- 
meters and the samples were in thermal equilibrium with one another. 

Carbon and germanium thermometers with identical characteristics 
were used, whose resistances at r<lK were nominally between 
10 3 andl0 6 £2 and whose sensitivity ranged from 10~ 4 to 10~ 7 K/Q. 
The temperature dependence of the electrical conductivity was 
either exponential or sometimes in the form of a power law. 

The carbon thermometers [2.30] were shaped like disks (3 mm 
in diameter and 1 mm thick) whose end surfaces carried electrolytic 
copper contacts. The germanium thermometers [2.31] were made 
from originally pure single-crystal germanium doped by neutron 
irradiation. They were shaped like lxlxl mm cubes with alloyed 
indium contacts. 

In order to measure the temperature in the liquid, the thermo- 
meters were used which were made from the same material and 
taken from the same batch as the thermometer attached to the sample. 
Both thermometers, T 1 and T 2 , were calibrated against magnetic 
susceptibility of cerium-magnesium nitrate and 3 He vapor pressure. 
The thermometer on the sample was also calibrated against the 
thermometer in liquid after every experimental record of A7 7 (8). 

Thermometer resistance was measured by ac bridges (Fig. 2.10) 
at frequency of 237 Hz, and with voltages of 6-60 fiV across the 
thermometers corresponding to dissipation of 10~ 14 -10~ 12 W. The 
absolute temperatures of the liquid and the sample were measured 
accurate to 10~ 3 K and the difference between them was found to 
within 10~ 5 K. The rise of the temperature of the thermometers due 
to the flow of the measuring current did not exceed 5 X 10~ 7 K. 
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2.3.2.6. Measurement of Angles 

A capacitor with C = 10-20 pF together with an induc- 
tance coil with L = 450 fxH (the number of turns, ^ = 400) formed an 
oscillatory circuit resonant at 1.3-1.7 MHz. In order to stabilize 
the inductance value, the coil was placed inside the cryostat vacuum 
jacket and had a thermal contact with the mixing chamber. 

A secondary winding (n 2 = 2-3 turns) wound on the induction coil 
was connected via a coaxial cable to a noninverting input of a broad- 




Fig. 2.10. Circuit diagram of the apparatus: G— an oscillator 
supplying the quartz transducer QT, F x — frequency meter, V— voltmeter, O— 
oscilloscope, TS— temperature stabilizer, DA— digital ammeter, S-71 and S-72— 
ac bridges, L— inductor, LC-G— oscillator for the angle-of-rotation tensor, 
F 2 — frequency meter for LC-generator, DAC — digital-analog converter, REC — 
X-Y two-pen recorder. 

band amplifier with positive feedback. The amplifier was mounted 
on the cryostat cover and together with the resonance circuit made 
up an LC-oscillator. 

At the resonance frequency the secondary winding is equivalent 
to an oscillatory circuit having the inductance of L/n 2 and capacity 
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<Cn 2 , where n = n x /n 2 . Since the equivalent capacity Cn 2 is large, 
the instability in the capacitance of the connecting cable influenced 
the oscillator parameters only slightly. 

The LC-oscillator frequency was measured with a frequency meter 
accurate to 1 Hz. This provided a sensitivity in the determination of 
the rotation angle measurements of the order of 1". 

2.3.2.7. Temperature Stabilization of 4 He Bath 

The first experiments already demonstrated that the 
liquid helium temperature in a measuring chamber did not remain 
constant. When rotating the sample, a monotonic increase in liquid 
helium temperature by 10~ 4 -10~ 2 K in addition to a temperature 
drift was observed depending on the rate of frame motion. Along 
with it, there were also random temperature fluctuations' of the 
same order of magnitude caused by various reasons. The major 
one being shocks and vibrations of the springs in the rotation system, 
as well as vibrations of the solution cryostat itself. 

The first observations of the gold sample had shown that the 
acoustically induced increase in the temperature of the sample 
did not exceed 1 mK, and it was quite evident that the temperature 
•of the liquid in the measuring chamber needed to be stabilized. 
For this purpose, a system was introduced to stabilize the temperature 
against the signal amplitude and its two derivatives [2.32]. 

2.3.3. Experiment 

By pumping helium vapor from the ^external bath the 
system was cooled to ~1.3 K, when 4 He was condensed into the 
measuring chamber. Then, the condensation line was shut off by the 
valve in the cover for the duration of the experiment and the con- 
tinuous action solution cryostat was turned on. 

When the temperature was less than 0.1 K, the quartz transducer 
{Fig. 2.10) was subjected to an ac voltage from the quartz oscillator G. 
The 4 He temperature was slightly increased. When the oscillator 
was tuned to the resonance frequency of the quartz transducer, the 
voltage amplitude across the transducer was kept fixed by the volt- 
meter V. Frequency and waveform of the oscillator voltage were 
checked by the frequency meter F x and the oscilloscope 0. 

The temperature stabilizer TS then was switched on. The required 
temperature, T , was set by adjusting a current through the heater H 
in the liquid 4 He bath. The digital ammeter DA followed the stabilizer 
operation. While the quartz transducer continuously emitted sound 
the angle was slowly varied and the resistances of the thermometers 
T x and T 2 which were measured by the ac bridges S-71 and S-72 
were recorded simultaneously with an XY two-pen recorder as a 
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function of angle of incidence of the sound. In order to do this, 
the recorder's X-coordinate was supplied by a voltage proportional 
to the angle from the output of a digital-analog converter DAC. 
The latter was, in turn, connected to the frequency meter F 2 
that measured the LC-oscillator frequency. The inputs Y 2 and Y 2 
of the recorder were the voltages supplied by the outputs of the 
bridges. 

2.3.4. Results of Measurements at T > 0.2 K 

2.3.4.1. Gold 

The technique was tested and the first measurements 
were performed on a gold sample. The measurements were carried 
out without temperature stabilization in the first version of the 




'T = 67mK 




Fig. 2.11. Records of the temperature of the gold sample T s and 
of the temperature of liquid 4 He T m , versus the angle of incidence of sound at 
different bath temperatures: a) T = 67 mK and b) T = 68 mK (without bath tem- 
perature stabilization). The frequency of sound / = 20 MHz, U is the voltage 
across the quartz transducer. The arrows are located over Rayleigh peaks. 



system where the angle could be varied from to 20° only in one 
direction away from the normal. The quartz emitter ensured that 
the frequency was 20 MHz. Two identical carbon thermometers 
were chosen as Tj and T 2 . 
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In the absence of sound, when the sample was rotated at a con- 
stant velocity, both thermometers indicated the same monotonic 
temperature rise. It depended on the rotational velocity of the 
sample and initial temperature drift. 

With an acoustic wave incident on the sample, the angular depend- 
ence curve of the sample temperature exhibited a peak A7 1 ~ 0.5 mK 
(Fig. 2.11) at ~ 12.5°. The peak was not detected by the thermo- 
meter immersed in liquid. After multiple passages through this- 
angle it was established that the peak corresponded to a maximum 
absorption of sound at this angle of incidence, since the peak was- 
recorded in different experiments and at different temperatures. 

An analysis of the curves presented in Fig. 2.11 shows that even 
at very slow rotation of the sample the temperature of the liquid is 
constant only within 10~M0~ 3 K. At angles ranging from to 6°" 
the sample's temperature follows the temperature of the liquid and 
only at large angles starts to deviate, achieving a maximum at 
12.5°, and then falling again. 

Thus, the experiments with gold demonstrated that when the- 
angle is close to the critical one (0 2 = 12°12') the incident sound 
overheats a sample in a way that can be attributed to absorption of 
Rayleigh waves. 

2.3.4.2. Tungsten 

A tungsten single crystal w r as chosen because of its high 
purity as well as for the isotropy in the velocity of sound which is 
practically observed. 

Sound was excited at frequencies of 10 and 30 MHz (fundamental 
and third harmonics, with the exact values 9.61 and 28.83 MHz). 
Two identical germanium thermometers were used to measure 
temperature. 

The angle of incidence of the acoustic wave was varied continuously 
from — 20° to +20°. As in the first version of the system, rotation 
of the frame that held the sample resulted in a monotonic liquid 
heating. 

Turning on the stabilizer suppressed the temperature drift and 
fluctuations down to 1.5 X 10~ 6 K. When the stabilizer could not 
suppress these fluctuations totally, the residual fluctuations were 
detected simultaneously by the two thermometers, one in the liquid 
and the other at the solid. Therefore, the irregularities on the signal 
curve could be eliminated by comparing the two records, viz. those- 
of the sample and the liquid temperatures. 

Figure 2.12 shows a typical record of T\ (9) and T s (6) separately 
for the negative (a) and positive (b) angles 9, where the stabilized 
temperature of the liquid is T = 0.282 K, the sound frequency is 
10 MHz, and the effective voltage across quartz transducer is equal 
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to 260 mV. The recording was directed from —0 to zero (a) and later 
on, from zero to (b). Because of nonparallelism between the 
frame and sample planes, the zero drift from the origin appeared 
to be by +1.5°. As it can be seen from the record, the temperature of 




Fig. 2.12. Typical records of the temperature rise of the sample 
of tungsten due to the incidence of sound (upper curves a and b) and of the tem- 
perature of liquid 4 He (lower curves a and b) separately for the negative (a) and 
positive (6) angles 9. The stabilized liquid helium temperature T = 0.282 K, 
voltage across quartz transducer U = 260 mV. The frequency of sound / = 
= 10 MHz. The scale on the right stands for the transmission coefficient, 
a (9) = w (9) cos 9, 



the sample increased by AT ^0.5mK above the temperature of 
the liquid helium only within the range of angles of incidence 60 = 
= ±6°. For = ±6° the temperature rise is maximal, while outside 
this angular range it drops strongly, and then vanishes at ^ 13°. 

Later on, the recorded interval was limited by the angular 
range, where the acoustically induced temperature rise of the sample 
had nonzero level. All experimental records presented below are 
given after matching the curves a and b (Fig. 2.12) with a due regard 
for zero drift. The acoustically induced temperature rise of the 
sample was calibrated against the liquid helium thermometer. Toward 
this end, after finishing a record and switching off the ultrasonic 
emitter, two stabilized temperatures in liquid helium were con- 
secutively established such that the sample thermometer readings 
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corresponded to the temperatures before and after switching on the 
ultrasonic emitter. 

Figures 2.13-15 display typical records of the acoustically induced 
rise of the temperature of the sample versus the angle of incidence 
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Fig. 2.13. Records of the temperature rise of the sample of tung- 
sten due to the incidence of sound (upper curves) and of the temperature of 
liquid 4 He (lower curves) versus the angle of incidence of sound. The bath temper- 
ature T = 0.218 K, the frequency of sound / = 10 MHz, U is the voltage across 
quartz transducer. The scale on the right stands for the transmission coefficient. 
The time needed to obtain one record was ~30 min. 

of sound of frequencies 10 and 30 MHz at temperatures 0.2-0.4 K 
for different acoustic radiation powers which are proportional to the 
square of the effective voltage U 2 applied to the quartz transducer. 
The most characteristic curves for 30 MHz are depicted in Fig. 2.16. 
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In the plots the temperature rise of the sample AT in mK above the 
4 He temperature is drawn to the left of the ordinate axis. To the 
right, the transmission coefficient of sound, a (9) = w (8) cos 9 
is drawn (the multiplier cos takes into account the angular variation 
in the energy flux incident on the sample; at the angle of 6° the 
difference between a and w is less than 0.5%, whereas at the angle 
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Fig. 2.14. Records of the temperature rise of the sample of tung- 
sten due to the incidence of sound (upper curves) and of the temperature of 
liquid 4 He (lower curves) versus the angle of incidence of sound at the bath tem- 
perature T = 0.278 K and the frequency of sound / = 10 MHz. U is the voltage 
across quartz transducer. The scale on the right stands for the transmission 
coefficient. The time needed to obtain one record was ~30 min. 



of 15°, it is ~3%). The value of a (6) was calculated from AT 
values after being normalized to zero angle. The value of a (0) = 
= w (0), according to the acoustic formula (2.12), was taken to be 

(Q = 4pc£q 4p^ lt4x 10 _ 3 (2 47) 

The records were taken on different days of the continuous fort- 
night experiment without heating the sample. After the sample was 
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heated to liquid nitrogen temperature (accompanied by the evapora- 
tion of 4 He from the measuring chamber) and the 4 He was condensed 
again, the picture was somewhat changed, viz. the sample tem- 
perature rise at normal sound incidence was less and Rayleigh 
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Fig. 2.15. Records of the temperature rise of the sample of tung- 
sten due to the incidence of sound (upper curves) and of the temperature of liq- 
uid 4 He (lower curves) versus the angle of incidence of sound at the different 
bath temperatures and at the frequency of the sound / = 30 MHz. U is the volt- 
age across quartz transducer. The scale on the right stands for the transmission 
coefficient. The time needed to obtain one record was 30 ~ min. 

peaks decreased. This could be a result of the sample surface being 
contaminated by condensed gases. 
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The records of the temperature rise of a tungsten single crystal by 
ultrasonic irradiation enabled the effective Kapitza resistance for 
the given sample to be estimated: 



Rk = 



(2.48) 
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Fig. 2.16. Records of the temperature rise of the sample of tung- 
sten due to the incidence of sound at the frequency / = 30 MHz and at three 
temperatures: T = 0.21 K (curve 2), T = 0.26 K (curve 3), and T = 0.31 K 
(curve 4) versus the angle of incidence of sound. U is the voltage across quartz 
transducer. The scale on the right stands for the transmission coefficient. 
Curve 1 is the record of the liquid 4 He temperature, = 0.21 K. 



Here A7 1 is the temperature rise of the sample, s is the total sample 
surface area, Q is the power absorbed by the sample, viz. 

Q = Q x w(G) (2.49) 
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where Q ± is the power of an acoustic wave incident on the sample 
surface and w (0) is the transmission coefficient of the acoustic 
energy crossing the interface. For tungsten at normal incidence, 
according to (2.47), w (0) = 1.4 X 10~ 3 . 

The power Q 1 was determined in the following way. The total 

power dissipated by the quartz transducer, <? , was calculated in 
terms of a quantity that should be subtracted from the power H 

R K T 3 , cm 2 K 4 /w 
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Fig. 2.17. Rk T 3 (for 4 He- tungsten) from the measurements of the 
transmission coefficient of sound across a liquid helium-metal interface: O — 
30 MHz, X— 10 MHz. 

of the heater for the helium bath such that the bath temperature 
remained unchanged when the transducer was switched on. 

The efficiency of the quartz transducer in liquid helium was found 
by measuring the temperature dependence of its (^-factor within the 
temperature range 1.5-4.2 K. 

If the quartz transducer efficiency is ~ while it emitts in 

both directions, then the acoustic power incident on the sample surface 
is equal to 

^ = TT Lr ° ,25T,1( ?« < 2 - 50 ) 

Here s qu is the emission surface of the quartz plate, a is the surface 
area on which sound is incident, L is the distance between the quartz 
plate and the sample (0.95 cm), y x is the absorption coefficient of 
the acoustic energy in helium (dB/cm) [2.33]. 
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When calculating R K the following experimental values were used: 

<? = 3.08x 10- 9 (C/) 2 W (at 10 MHz) 

<? = 2.93 x lO" 8 (t/) 2 W (at 30 MHz) 

s qu = 1.77 cm 2 , a = 0.5 cm 2 , s = 1.57 cm 2 

U was measured in mV. 

The results of evaluating R K ( 4 He-W) are illustrated in Fig. 2.17, 
where Rk? 3 is somewhat decreased with the temperature rise, this 
being characteristic for pure samples within the above temperature 
range [2.34]. The mean value at r~0.2K, R K T s = 650 cm 2 K 4 /W, 
corresponds to the effective attenuation parameter for thermal 
photons in tungsten calculated from (2.37), p = 5 X 10~ 2 . The 
■ r l ' .P K T 3 is close to that found by Folinsbee and Anderson 
[2.35] for the tungsten samples polished, electropolished, and 
anaiepled in hydrogen. 

Results of Measurements at T<0.2 K 

In order to achieve a lower temperature in the solution 
cryostat, the tube heat exchanger was substituted by a more efficient 
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Fig. 2.18. Records of the temperature rise of the sample of tung- 
sten due to the incidence of sound (upper curves) and of the temperature of liq- 
uid 4 He (lower curves) versus the angle of incidence of sound with the frequency 
/ = 30 MHz at two bath temperature: 160 and 115 mK. The scale on the right 
stands for the transmission coefficient. 
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one, whose surface was more developed. In addition, the heat supply 
to the measuring chamber was reduced by limiting power which 
was dissipated in the angular pickup. 

The typical results of measuring AT (9) within 60-160 mK for 
tungsten at frequency of 30 MHz are given in Figs. 2.18-20. 
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Fig. 2.19. Records of the temperature rise of the sample of tung- 
sten; due to the incidence of sound T s and of the temperature of liquid 4 He, T^q 
versus the angle of incidence of sound (positive one) with the frequency / = 
= 30 MHz at three temperatures: 115, 120, and 130 mK. The scale on the right 
stands for the transmission coefficient a X 10 3 . 

Fig. 2.18 shows synchronous records of the temperature rise both 
of the sample and liquid helium bath due to the incidence of sound 
plotted as a function of 6 for two values of the bath temperature. 
The records are given for the positive and negative angles, when 
the liquid helium temperature being stabilized (within 3 X 10~ B - 
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10" 4 K). The scale on the right applies to the transmission coefficient 
of sound a (0), which is normalized at =0. 

The same kind of records are given at fixed temperatures in 
Figs. 2.19 and 2.20 when the angles of incidence are positive. A rise 
in temperature of the solid near = in Fig. 2.20 is due to a heating 
of liquid helium induced by a motion of the frame. This effect was 
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Fig. 2.20. Records of the temperature rise of the sample of tungsten 
due to the incidence of sound T s and of the temperature of liquid 4 He T^q ver- 
sus the angle of incidence of sound (positive one) with the frequency / = 
= 30 MHz at T = 60 mK. 

not compensated by the stabilizer at the lowest temperature. As 
earlier, the records demonstrate the temperature rise of the sample 
which is induced by sound only in the immediate vicinity of the 
angle of normal incidence. At = ±6° one clearly sees the maxima 
of the temperature rise of the solid above the temperature of the 
liquid helium bath. What is typical is that the Rayleigh peaks for 
= -f 6° and —6° have the same height and the widths at midheight 
up are also the same (~30'). 
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2.3.6. Discussion of Experimental Curves. Evaluation 
of Errors 

In the present work a detailed investigation was made of 
the transmission of sound across the liquid helium-tungsten inter- 
face. The experiments with gold were performed in order to test 
technique and indicate qualitatively the generality of the phenomena 
at hand. 

It follows from the experimental curves (Figs. 2.13-16 and 2.18-20) 
that acoustic phonons pass from liquid helium into a solid only in 
a narrow range of angles near normal incidence. At 9 ^ 20 R ultra- 
sonically induced increase in the temperature of tungsten is absent 
and hence in this range phonons are totally reflected by the interface. 

At = ±6° there are sharp maxima of the temperature rise which 
are more pronounced at the sound frequency 30 MHz. The maxima 
correspond to the Rayleigh angle of incidence R (the value of this 
angle 0r = 5.2° which is calculated from (2.22) and (2.39) agrees 
with the experimental angle within the limits of the measurement 
error). The peaks observed at ~ 6° are similar to the anomalies 
which appear in the experiments with gold at the angle of about 
12.5°. Since the maxima are symmetric relative to the normal for 
both studied frequencies at both temperatures and lie within the 
range of angles of total internal reflection (0 R >0 2 ~ 4.8°), their 
appearance could be related to an increase in the energy transmission 
caused by the absorption of the Rayleigh surface waves resonantly 
excited by the incident acoustic wave. Figure 2.13 shows that the 
effect is linear, viz. the temperature rise of sample AT 7 is propor- 
tional to the power of the incident acoustic wave U 2 . 

Let us note two features of the experimental a (0) curves. The 
first is that at the frequency 30 MHz'and 7> r >0.2 K the Rayleigh 
peaks at — R and +0 R differ in height, whereas at T < 0.2 K and for 
the curves at the frequency of 10 MHz they are usually equal. This 
might be connected with an inhomogeneous distribution of the 
intensity across the acoustic beam [2.28], with the inhomogeneity 
increasing on increase in the attenuation of sound in helium. If the 
acoustic beam axis does not coincide with the symmetry center and 
the rotation axis of the sample, then the total energy of the acoustic 
wave incident on the sample will be different at — R and +0 R , 
and this fact may be responsible for the different heights of the 
resonance peaks. The stronger is the attenuation the greater the 
difference is, viz. it rises both with frequency and temperature. 
Within the collisionless region of liquid helium (T < 0.2 K), where 
the attenuation of sound on thermal phonons is practically absent, 
the heights of the Rayleigh peaks at positive and negative angles 
are equal. 

8* 
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The second feature is the presence of small maxima at = 
which arise only at low temperatures (T^. 0.2 K) and are stronger 
at 10 MHz. This is due, perhaps, to the amplification of the energy 
of sound incident on the interface at = because of its repeated 
reflection between the quartz transducer and the sample. The effect 
increases when the attenuation in the liquid reduces, i.e. when the 
temperature and frequency are lowered. 

The experimental curves in Figs. 2.13-16 and 2.18-20 were reproduc- 
ible in the course of experiments. 

Let us estimate the errors of the experimental data. 

In recording the AT (0) curves, the voltage across the quartz 
plate was constant to within 2%. The relative error in the determina- 
tion of AT and, therefore, a was mainly dependent on the accuracy 
in maintaining the bath temperature (1.5- 10~ 6 -10~ 4 ) K. Within the 
range of 0.2-0.4 K, this error varied from 2 to 10% for theRayleigh 
angles and from 5 to 20% for the subcritical angles. The absolute 
temperatures of the liquid and the sample were measured to within 
10 ~ 3 K. The reproducibility of Rayleigh maxima positions for all 
curves was accurate to one minute of arc. The absolute value of an 
angle was calculated to within 10% from geometric considerations. 

2.3.7. Calculations Using the Generalized 
Acoustic Theory 

2.3.7.1. Tungsten 

The transmission coefficient of the acoustic energy from 
the liquid to the solid is determined by densities, sound velocities 
in both'media, and parameters of the attenuation in the solid ac- 
cording to Eqs. (2.29), (2.35), and (2.36), respectively. 

Figure 2.21 demonstrates the curves of a (0) = w (0) cos which 
are computer-calculated by applying the above formulas to a liquid 
4 He-tungsten interface at some fixed values of p = p\ = Pf The 
following numerical parameters were used in these calculations: 
p = 0.145 g/cm 3 ; D = 19.4 g/cm 3 ; c = 2.4 X 10 4 cm/s; c x = 5.11 X 
X 10 5 cm/s; c t = 2.88 X 10 B cm/s. 

It is clear from the plots that there are three critical angles of 
incidence: X = 0.047, 2 =0.088, and R =0.09049, at which 
the curve a (0) has singularities. The angles X , 2 , and 0r are deter- 
mined from (2.14) and (2.22). In the absence of attenuation in the 
solid (p = 0) there is no Rayleigh peak [Fig. 2.21 (a)]. Certainly, 
in this case Rayleigh waves can be induced on the metal surface, 
but they transmit their energy only to the liquid [2.36, 2.18]. 

In the presence of the absorption in the solid (p >0), the curve 
a (0) has a Rayleigh peak whose height and width both depend 
on p. This is due to the fact that the attenuation coefficient of a 
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Fig. 2.21. Calculated dependence of the energy transmission 
coefficient of a plane monochromatic acoustic wave on the angle of incidence 
6 on the 4 He-tungsten interface at different attenuation parameters of sound in 

tungsten, p: (a) p = 0, (6) p = 3 X 10" 4 , (c) p = 10" 2 (curve 1), p = 10" 1 

(curve 2), p = 0.3 (curve 3), p = 1 (curved). 
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Fig. 2.22. Calculated dependence of the energy transmission 
coefficient of a plane monochromatic acoustic wave on the angle of incidence on 
the 4 He-tungsten interface in the vicinity of Rayleigh peak for different atten- 
uation parameters: 1— 6-10~ 8 , 2—2 X 10~ 7 , 3—6 X 10~ 7 , 4—1 X 10- 6 , 
5-1 X 10-5, 6-5 X 10- 5 , 7-1 X 10- 4 , 8-3 X 10" 4 , 9-1 X 10" 3 , 10- 
1.9 X 10- 3 . 
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Rayleigh wave travelling in a surface layer ~k thick is controlled 
by the attenuation coefficients of bulk waves, mainly, the attenua- 
tion of the transverse wave (Fig. 2.4) [2.18, 19]. 

Figure 21 (b) evidences the dependence a (9) at p =p l =p t = 
= 3 X 10 ~ 4 (this value of p corresponds to the absorption coefficients 
of ultrasound for tungsten at 30 MHz amounting to =1 dB/cm 
and Yt =1.7 dB/cm which were obtained by extrapolating the 
results of measurements reported in Refs. [2.37, 38]). 

The Rayleigh peak in Fig. 2.21 (b) has the height a R = a (9 R ) = 0.74 
and the width at midheight 6 = 7.55 X 10~ 6 rad = 15". The mini- 
mal values of a at the angles 9 X and 6 2 are no longer equal to zero. 

Fig. 2.21 (c) shows the a (9) curves for high values of p. 

It is seen from Fig. 2.21 that in the presence of absorption of sound 
in a solid, the character of the curves changes significantly for the 
angles >9 2 , whereas at 9 < 2 the change in a is not so large. 

The curves in Fig. 2.22 illustrate the process of the Rayleigh 
peaks appearance, starting from negligible but finite attenuations 
p =^= 0. The figure shows that these peaks are typical of resonance 
curves whose parameters (width and height) are controlled by at- 
tenuation. At small values of p the curves are symmetric. The total 
transmission at the Rayleigh angle [a (9 R ) = 1, w (9r) = 1] for the 
liquid 4 He-tungsten system takes place at p = 10 ~ 4 (curve 7). At 
the lower values of p the amplitude and the area under the 
Rayleigh peak both rapidly decrease, but at p > 10~ 4 the amplitude 
decreases whereas the area increases. For very large values of p the 
a (9) curves are no longer of the resonance type. 

The height oc R and width 6 of the Rayleigh peak are plotted in 
Fig. 2.23 as a function of p. What is typical is that at very low values 
of p (<10~ 5 ) a R rises linearly with /?, whereas the peak width is 
approximately constant and equal to 6 = 1.8 X 10~ 5 =4". 

The calculated integral of the transmitted energy of a plane 
wave, 



is presented in Fig. 2.24 versus p. Here the level noted by dashed line 
on the ordinate corresponds to the energy transferred into a solid 
only in the form of transverse and longitudinal waves incident at 
a subcritical angle (p = 0). An increase in the attenuation produces 
a rise in the total energy integral and the inflection point of the 
curve (a maximum of the derivative) corresponds to p = 10 ~ 4 , 
when the transmission coefficient a at the Rayleigh angle is equal 
to unity. 

Figure 2.24 shows that if we eliminate the regions of very large and 
very small values of p, we find that the contribution of the surface 
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Fig. 2.23. Calculated dependences of the height <xr and width 6 
of the Rayleigh peak in tungsten on the attenuation parameter p. 
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Fig. 2.24. Calculated dependence of the energy integral J of the 
transmitted acoustic energy from 4 He into tungsten on the attenuation para- 
meter p. Arrows indicate the limits of the integral variations for the experimen- 
tal curves a (9) and p's corresponding to these limits. 

waves into the energy integral is approximately equal to that of the 
bulk waves. A marked increase in the integral is observed when p 
approaches unity. However, when the attenuation is so strong, the 
process is no longer of the wave type. The sound incident from the 
liquid excites only the perturbations which were transmitted. 
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At very weak attenuation (p << 10~ 5 ), the contribution of the 
Rayleigh waves is small amounting to only a few percent of the 
contribution of the bulk waves. 



2.3.8. Comparison of Experimental Data with the 
Generalized Acoustic Theory 

2.3.8.1. Tungsten 

When comparing experimental and calculated curves for 
tungsten (Figs. 2.21, 22), the following difficulty was encountered. 
It was impossible to fit the height and width of the calculated curves 
to the Rayleigh peaks. 

The value of p suitable for the width of the peaks was (3.6-4.0) X 
X 10 ~ 2 , whereas the height of the calculated peaks was then 
(10-12) X 10~ 3 , viz. 2.5 times higher than the experimental one. 

The value of p which agrees with the height of the peaks was 
(9-10) X 10~ 2 , but then the width of the calculated peaks appeared 
to be twice as large as the experimental ones. 

Yet the main reason why we could not use calculations to fit the 
experimental data is that for all these values of p the theoretical 
peaks possess extensive "tails" which contribute 11-12% and 28-30% 
to the transmitted energy integral outside the angle 0.2. In experi- 
ment, all curves made zero contribution outside the angle 0.15, thus 
indicating a smaller value of p. 

It should be, however, noted that the theoretical curves were 
calculated for an infinite interface and an ideal plane wave. The 
first condition requires that the size of the sample L should not be 
less than the characteristic length I. This condition L ~ Z, was 
approximately met in our experiment for the frequency / = 30 MHz 
only. The second condition cannot be satisfied in principle because 
of the real divergence of the sound beam. The quartz plate used in 
the present experiments had the sound beam divergence in water and 
toluene close to the diffraction limit, %ld. The expected value of the 
diffraction beam broadening in helium at 10 and 30 MHz should be 
6' and 2', respectively. 

However, one sees from the experimental curves (Table 2.1) that 
the minimum Rayleigh peak width at T ~ 0.2 K and / = 30 MHz 
was 6 = 25-30', which was an order of magnitude larger than the 
diffraction limit. The possible reason for this discrepancy could be, 
first, the broadening of the acoustic beam due to imperfections of 
the emitter that cannot be detected when measuring in water and 
toluene and, second, roughness of the surface of the sample. A simple 
calculation shows that, with a smooth wave-like surface of the 
sample (it is conceivable that such a surface is formed by electro- 
polishing) with a period of ~330 [im and a height of ~0.3 (am, 
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the range of angles of incidence and, consequently, the Rayleigh 
peak will spread to 25'. The calculations by Brekhovskikh [2.20] 
and Urazakov and Fal'kovskii [2.22] demonstrate that such a wave- 
like surface will practically not change the transmission coefficient 
of Rayleigh waves into bulk ones. 



Table 2.1. Basic Parameters of Experimental Curves 
( 4 He-Tungsten) 



/, 

MHz 


T, K 


17, mV 


a R x 103 


6 X 103, 

rad 


J X 10* 


p X 104 


10 


0.218 


200 


2.67 




1.87 


1.25 


10 


0.28 


200 


2.41 




1.8 


1.0 


30 


0.21 


43 


4.5 


7.2 


2.05 


2.4 


30 


0.218 


53 


4.36 


8.6 


2.02 


2.2 


31 


0.218 


53 


4.2 


9.2 


2.02 


2.2 


3-0 


0.258 


70 


4.7 


9.2 


2.1 


3.0 


30 


0.311 


80 


4.5 


10.5 


2.25 


6.6 


30 


0.321 


105 


4.37 


11.8 


2.22 


5.8 


30 


0.401 


124 


2.8 


11.8 


2.06 


2.5 



Note: here / is the frequency of the incident acoustic wave, T is the he- 
lium bath temperature, a R is the energy transmission coefficient 
at the Rayleigh angle of incidence, U is the effective voltage across 
the quartz transducer, 6 is the width of the Rayleigh peak at mid- 
0.2 

height, J = J a (8) d0 is the integral of the experimental curve 


taken over the an<?le of incidence, p is the attenuation parameter 
calculated by comparing the experimental value of the integral 
with the theoretical one. 



The angular distribution of the incident wave intensity and the 
broadening of the range of the angles of incidence will result in 
smoothing out of all the singularities of the experimental curves 
a (0) and in broadening of the Rayleigh peak by an angle A9 » 6. 
An observed additional broadening (up to 40') with temperature 
may be caused by an increase in the attenuation of sound in helium 
[2.28]. 

If the waviness does not alter the acoustic transmission coefficient 
(the period of the surface irregularities is > A,), then both the area 
under the Rayleigh peak and that under the whole experimental 
curve a (8) will be the same as in the ideal case. Thus, by using the 
invariability of the energy integral, one can compare the experimen- 
tal results with the theory and evaluate the attenuation parameter p 
(and y), for the sample considered. 
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To accomplish this, the experimental curves were normalized as 
shown in Fig. 2.25. Then the integrals 



(6)= J a (9) 



dQ 



(2.52) 



of the experimental and theoretical curves a (0) were compared, 
thereby for each integral of the experimental curve (the experimental 
integral) such a p value was chosen that gave the best agreement of 




Fig. 2.25. The normalized experimental curves a (6) for the fre- 
quency of sound / = 30 MHz, and three temperatures: T = 0.21 K (curve 1), 
T = 0.258 K (curve 2), T = 0.311 K (curve 3). 

the calculated with the experimental integral. The typical angular 
dependences of the integral of the energy transmitted into a sample 
at different temperatures and acoustic frequencies are presented 
in Figs. 2.26 and 2.27. 

Note that the attenuation parameter p = (2-6) X 10 ~ 4 which is 
found for tungsten in this manner at / =30 MHz and T >0.2 K 
(see Table 2.1) satisfactorily agrees with the experimentally measured 
parameter of the bulk absorption of sound p = 3 X 10~ 4 [2.37, 38]. 
Thereby the experimental integral of the total energy is about twice 
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Fig. 2.26. The transmitted acoustic energy integral versus the 
angle 9 for the experimental (dots) and theoretical (solid curves) dependences 
a (6): / = 30 MHz (curve i), / = 10 MHz (curve 2), T = 0.218 K. 
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Fig. 2.27. The transmitted acoustic energy integral versus the 
angle 8 for the experimental (dots) and theoretical (solid curves) dependences 
a (9): T = 0.311 K (curve 7), T = 0.218 K (curve 2), f = 30 MHz. 
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the energy integral for the critical angle 8 2 , that is the contribution 
of the surface and bulk waves is approximately the same. 

For the acoustic frequency 10 MHz the attenuation parameter 
found by the same method from experimental data is equal to 
p = (1.6-1.25) X 10~ 4 . 

It should be noted that, although the accuracy of the energy integral 
determination from the experimental a (0) curves is 5-10%, a com- 
parison of the experimental integral with a calculated one yields 
only an estimate of the parameter p which is subject to an error of the 
same order of magnitude as the value itself (50-100%), since, as has 
been indicated above, the experimental conditions are rather incon- 
sistent with the solution of the problem stated (the bounded sample, 
the rough surface, the attenuation of sound in helium). The data 
corresponding to the temperature below 0.2 K for / =30 MHz provide 
nearly the same value of p = (2-3) X 10 ~ 4 , but because of the 
lower accuracy in evaluating the energy integral, these data are 
not included in Table 2.1. 

Comparison of the p values for 10 MHz (p =1.25 X 10~ 4 ) and for 
30 MHz (p = 2.2 X 10~ 4 , see Table 2.1) makes it possible to con- 
clude that the frequencies used for a given sample correspond to a 
transition region between the quadratic (p is proportional to the 
frequency) and linear (p is frequency independent) dependence of the 
ultrasonic absorption coefficient y on the frequency (for pure metals 
the linear frequency dependence of y is observed at / ^ 100 MHz). 
This conclusion agrees with the value of the mean free path of the 
electrons in tungsten, l e ~ 0.1-0.3 mm, which is estimated from 
the measurements of conductivity and cyclotron resonance frequency 
[2.39]. 

Thus, for an unbounded tungsten single crystal having a flat sur- 
face, the dependence of the transmission coefficient of sound across 
the interface on the angle of incidence of an ideal plane wave should 
have the form exposed in Fig. 2.21 (b) (/ = 30 MHz). For / = 10 MHz, 
the dependence will be similar, but here a ~1,8 =3.7 X 10~ 6 = 
= 8". The case in Fig. 2.21 (a) can be practically observed at very 
low irequencies / <c 10 MHz. 

The a (9) curves [1, 2 in Fig. 2.21 (c)] can clearly be expected at 
high frequencies (thermal phonons) and in the presence of defects in 
the surface layer. In another case [3, 4 in Fig. 2.21 (c)], the sample 
should have a sound-absorbing layer on the surface and the layer 
thickness should be comparable with the wavelength which is pos- 
sible in the case of thermal phonons at T > 1 K. 

It is seen from Table 2.1 that at / =30 MHz the peak width 6, 
the energy integral, and consequently the attenuation parameter p, 
have a tendency to increase with temperature. According to the 
generalized acoustic theory, this fact could indicate an increase in 
the attenuation in the solid if the attenuation in the liquid were to 
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remain negligibly weak. However, the acoustic attenuation in 4 He 
rises with temperature as J 4 [2.33], and at 30 MHz becomes com- 
parable with the attenuation in the solid at T :> 0.4 K. In this 
case the above theoretical calculations are incomplete and should be 
improved, when the attenuation in the liquid can no longer be 
neglected. 

2.3.8.2. Gold 

The angular dependence of energy transmission coefficient 
for a plane sound wave incident on the surface of gold from liquid 
4 He has been calculated in a manner similar to that described above. 
The parameters for gold were taken as follows: D = 19.49 g/cm 3 , 
c, = 3.36 X 10 3 m/s, c t = 1.24 X 10 3 m/s (tj = 2.71). 

To evaluate the expected absorption coefficient, one can use the 
absorption coefficients of longitudinal acoustic waves measured by 
Mac Farlane and Rayne in a gold single crystal [2.40]. For very high 
frequencies (330 MHz), the attenuation parameter averaged over all 
directions is p\ =4.5 X 10~ 4 . Let us evaluate the quantity p t . 
According to the theory of free electrons [2.38], for low frequencies 
p t =0.75/?] for very high frequencies and p t =0.8lr\p\ =2.2p\. 
Since the ultrasonic frequency (20 MHz) in experiments with gold is 
an intermediate one, then assuming p\ (20 MHz) « (1/2) p\ (oo) 
and p t = 1.5pi we shall obtain p t (20 MHz) ^ 3.5 X 10~ 4 . 

The computer-calculated dependence a (0) for a liquid 4 He-gold 
interface with p & p t above is shown in Fig. 2.28. The shape of the 
a (0) curve somewhat differs from that for tungsten (see Fig. 2.21). 
In addition to the minima in a at the angles X = 0.071 and 2 = 
= 0.193 as well as the Rayleigh peak at R = 0.2045, the a (0) 
curve exhibits a rather sizable "bump" at =0.108 ~ 6.2°. The 
"bump" about 2.4 times exceeds the value of a (0) =2.1 X 10~ 3 
while the analogous "bump" for tungsten exceeds a (0) only slightly. 
For the above value of p = 3.5 X 10~ 4 , the height of the Rayleigh 
peak is a R = 0.9 and the width at midheight is 8 = 2.1 X 10~ 4 . 

The integral contribution of the Rayleigh peak amounts to ~50% 
of that of the bulk waves. In order to estimate the possibility of 
experimental observation, suppose that the real width of the Ray- 
leigh peak for gold is identical with that for tungsten (viz. 25' = 
= 7.3 X 10~ 3 rad). In this case one can expect the Rayleigh peak 
height measured in experiments with a gold sample to be 

aR ~ 7.3X10-3 -^WX 1U 



The experimental width of the Rayleigh peak for gold could be 
even larger than 25'. The first reason is that the irregularities on the 
gold sample surface are much more pronounced than those on the 
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Fig. 2.28. Calculated dependence of the energy transmission 
coefficient of a plane monochromatic acoustic wave on the angle of incidence 
on the 4 He-gold interface at two attenuation parameters of sound p: (a) p = 
= 3.5 X 10- 4 , a R = 0.9, 6 = 2.1 X 10-*, (b) p = 3 X 10~ 2 . 

tungsten sample. The second reason is that quartz transducer charac- 
teristics were probably worse because they were not specially checked 
in experiments with gold. 

Therefore experimental peaks can happen to be lower than the 
above estimates and only slightly exceed the "bump" at = 6.2°. 
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2.3.9. Comparison with the Andreev Theory 

Let us compare Andreev's results for the acoustic transmis- 
sion coefficient with calculations in the framework of the generalized 
acoustic theory. To do this, consider the expression for w (0) (2.27) 
in the vicinity of the Rayleigh angle R at the small attenuation 
parameter p < 1. We expand w (0) in powers of p and — R and 
neglect the terms of the second order: 

" ( ) = (p£ + 1) , + ( f_ BR) . Jtf « (2-53) 

where E and M are functions of the elastic constants and of the 
helium-to-metal density ratio (without regard for the attenuation). 

One can easily see that the formulae (2.27) and (2.53) have a similar 
form and that they describe a resonance curve, when B = pE and 

Dc\ 

H — 2~ = M. In the region of small absorption (pE <^ 1, and B <^ 1), 

pc 

both formulae yield the same width of the Rayleigh peak, 6 = 
= 1.8 X 10~ 5 (independent of the attenuation). At the same time 
in both cases the peak height a R is proportional to the absorption of 
sound [p in (2.53) and in (2.27)]. 

This suggests that Andreev's theory predicts the same resonance 
of the energy transmission in the vicinity of the Rayleigh angle as 
the generalized acoustic theory does. 

An estimate for tungsten gives B ~ 10~ 2 (if we take p « 

where a is the lattice constant), hence a R ~ 4 X 10 ~ 2 and 6 = 
= 1.84 X 10~ 5 . These parameters of the Rayleigh peak corresponding 
top~ 10~ 6 are two orders of magnitude less than the experimental 
value. 

However, as has been noted in [2.38], the measured ultrasonic 
absorption in tungsten (and molybdenum) was two orders of magni- 
tude higher than the value calculated by the theory of free electrons. 
In the number of works (see, e.g. [2.41]) it has been said that the 
Fermi surface for transition group metals disagree considerably with 
one predicted by the model of free electrons and the tight-binding 
approximations is much preferable to describe the ultrasonic absorp- 
tion in these metals. 

This approximation was used in [2.37] to calculate the acoustic 
absorption in tungsten by electrons and holes with a due regard 
for the deformation potential. The absorption coefficients calculated 
by this method agree satisfactorily with the results of the present 
work. 

One can hope that for the metals described in the framework of 
the free electron model, such as copper, gold, indium, etc. the 
Andreev's formula (2.26) will ensure the better quantitative agreement 



Sound Propagation Through a Liquid-Metal Interface 129 

with the experimental data. However, it should be noted that it is 
a simplest case of phonon transmission from helium into an isotropic 
single crystal which was investigated in the Andreev's theory as well 
as in the present experiments. The w (6) dependence will be more 
complicated for anisotropic crystals (see, e.g. [2.21, 2.42]). 

2.4. CONCLUSION 

Thus, the investigation of the transmission of 10-30 MHz 
acoustic waves incident from liquid 4 He on the surface of tungsten 
and gold at temperatures from 60 mK to 0.4 K has demonstrated 
that the acoustic phenomena at an interface are of the character 
which is common to both metals. 

The detailed study of the 4 He-W system has revealed that the 
sound waves incident from liquid helium on a tungsten surface were 
transmitted into the sample with the absorption coefficient ~10~ 3 
(in energy) only in a limited range of angles of incidence (in the 
vicinity of normal incidence) which exceeded slightly the critical 
Rayleigh angle. 

The angular dependence of the energy transmission coefficient 
shows a well-pronounced maximum at the supercritical Rayleigh 
angle of incidence R (~6° for tungsten) followed by a rapid decrease 
down to zero. The maximum is caused by the absorption by metal 
of the surface Rayleigh wave excited resonantly by the incident 
acoustic wave. 

The contribution of the surface Rayleigh waves into the total 
integral of the transmitted energy is approximately equal to the 
contribution of the bulk sound waves in the range of subcritical 
angles. 

The experimental width of the Rayleigh peak in the collisionless 
region of liquid helium (T < 0.2 K) is independent of temperature, 
while at T >0.2 K the width is found to increase with temperature. 
The width value of maxima (30-40') exceeds the diffraction one X/d 
by an order of magnitude, that can be explained by roughness of the 
sample surface and imperfectness of the emitter. 

The comparison between the experimental data and theory has 
shown that the observed pattern of the acoustic energy transmission 
across an interface can be adequately described by the generalized 
acoustic theory which takes into account the attenuation of bulk 
elastic waves in a solid. In the vicinity of the Rayleigh critical 
angle, the generalized acoustic theory and that advanced by Andreev 
are equivalent in their description of the resonance amplification of 
the transmission of sound. 

The absorption of the Rayleigh waves energy is controlled by the 
absorption coefficient of bulk acoustic waves in metal. The absorption 
coefficients of tungsten which were found in this work agree quantita- 

9-092 
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tively with the published experimental data and with the theoretical 
values calculated on the basis of the electron absorption mechanism. 
The Kapitza resistance for 4 He-W at T ~ 0.2 K found from the over- 
heating of a tungsten sample by sound, RkT 3 ~ 650 cm 2 K 4 /W is 
three times lower than the theoretical value. The Kapitza resistance 
decreases with temperature. These results are in a good agreement 
with the data of other authors. 

The author would like to thank P.L. Kapitza and A.F. Andreev 
for their interest in this investigation and discussions, V.N. Kruti- 
khin, V.I. Voronin, and G.E. Karstens for their assistance in pre- 
paring the experiment and A.V. Dubrovin for discussing the results 
obtained and for computer calculations. 
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3 Investigations of 3 He Superfluid Phases 
by Pulsed NMR Technique 
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3.1. INTRODUCTION 

At present only two substances are known to remain 
liquids at temperatures down to absolute zero. These are the helium 
isotopes 3 He and 4 He. At sufficiently low temperatures both liquids 
pass into a quantum coherent state, in which they feature the pheno- 
menon of superfluidity. 4 He superfluidity was discovered experimen- 
tally in 1937 by Kapitza [3.1] at the Institute of Physics Problems 
(IPP) of the USSR Academy of Sciences. Under atmospheric pres- 
sure the critical temperature for the 4 He transition into the super- 
fluid state is 2.17 K. 

Helium-3 differs substantially from helium-4 in that it has a half- 
integer spin, and as a result forms a Fermiliquid, i.e. it cannot 
become superfluid due to the Pauli exclusion principle. However, 
like conduction electrons in metals, the helium-3 atoms can form 
pairs that obey Bose statistics. That helium-3 could turn to superfluid 
state was predicted by Pitayevskii, also at the IPP [3.2]. He demon- 
strated that the quasiparticles in helium-3 should attract each 
other to form Cooper pairs with nonzero moment. However, in order 
to detect helium-3 superfluidity experimentally further advances in 
cryogenic engineering and cryophysics were necessary. 

A major contribution was made by Pomeranchuk when he predicted 
that helium-3 in a compression chamber would cool if its transition 
to the solid state takes place. Helium-3 differs from most other 
substances in that at temperatures below 0.3 K the liquid-solid 
transition is accompanied by heat absorption rather than heat release. 
This is due to the entropy balance between the liquid and solid 
phases. In 1965, Anufriev, again at the IPP [3.3], was the first to 
demonstrate experimentally that the Pomeranchuk effect could 
be used to cool helium-3. The method was then employed by Osheroff, 
Richardson, and Lee to detect helium-3's transition to the superfluid 
state at a temperature of about 2.6 mK. 

Thus, a great deal of experience has been accumulated and a 
tradition established in low temperature helium research at the IPP. 
Experimental investigations of helium-3 's superfluid phases began 
at the IPP in summer 1982, when a copper nuclear demagnetization 
unit, designed and constructed by the group of physicists headed by 
A.S. Borovik-Romanov, was put into operation. The unit made it 
possible to work at temperatures down to 0.4 mK and to maintain 
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helium-3 continuously in the superfluid state for as long as 12 
days. The first part of this article describes the equipment in 
what way it differs from others elsewhere. 

The superfluidity of helium-3 has been extensively investigated 
in many laboratories. It turned out that the technique which yielded 
the most information about the structure and properties of helium-3 
was NMR. It was using NMR that the two superfluid helium-3 
phases, i.e. 3 He-A and 3 He-B, were identified confirming the theoreti- 
cal predictions of Anderson, Brinkman and Morell, and Balian- 
Werthamer [3.10-11]. Some extremely complicated dynamic and 
texture effects and ion mobility have also been studied. Acoustic 
and hydrodynamic methods have also been employed. These in- 
vestigations are covered in a number of reviews, of which the most 
complete is that written by Lee and Richardson [3.4] in 1976. 

Until recently the relaxation processes in superfluid helium-3A 
were not clearly understood. In 1975 Leggett and Takagi 
[3.12] using data from continuous NMR established the theory of 
magnetic relaxation in superfluid helium-3 phases. This theory, 
called the "intrinsic" relaxation theory, accounts for the transitions 
of 3 He atoms between the normal and superfluid states and adequate- 
ly describes the shape of the continuous NMR line. Experiments 
with pulsed NMR performed in the same year by Corruccini and 
Osheroff [3.19], and other experimental evidence have demonstrated 
that relaxation of magnetization after it has been rotated through 
90° is one to two orders of magnitude faster than might be expected 
from the theory of Leggett and Takagi. In 1979 Fomin showed theoret- 
ically that uniform precession in helium-3A is unstable and should 
decay into spin waves. A spatial nonuniformity results turning on 
"the fast diffusion" relaxation. The second part of this article con- 
siders the experimental detection of instability in helium-3A homo- 
geneous precession and analyzes its effect on the relaxation. 

In addition to its interesting magnetic properties, helium-3 's 
superfluid phases possess the properties of liquid crystals, the most 
complex of which are the texture features, viz. those governed by 
the spatial orientation of the ordering parameter. Thus, the ordering 
parameter in superfluid helium-3 is given by the matrix R (n, 0), 
which describes the rotation of the spin coordinates, at an angle 
= 104° to the orbital about the n axis. Thus, the NMR frequency 
depends on the orientation of the n vector. In free helium, the n 
vector is parallel to the external field H. Under pulsed NMR excita- 
tion, the vector n precesses with the Larmor frequency around H 
in phase with the magnetization S. If helium-3B is placed in a set 
of plane parallel plates, the n vector will be deflected from th'e direc- 
tion of H. Thereby, the NMR frequency is substantially shifted as 
was demonstrated in experiments on continuous NMR. We carried 
out our experiments on pulsed NMR in helium-3B parallel plane 
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geometry. It turried out that given a sufficiently powerful radio- 
frequency pulse/fit could "break" the n vector away from the position 
determined by the parallel plane geometry and could transform the 
texture into a' state corresponding to free helium-3B. The third 
part of the present article deals with an investigation of this effect 
and the processes of texture reverse relaxation to the nonperturbed 
state. • 

3.2. THE EQUIPMENT FOR PRODUCING ULTRALOW 

TEMPERATURES 

3.2.1. Operating Conditions 

; There are today a few dozen nuclear demagnetization 
Refrigerators able to operate at temperatures around 1 mK. How- 
qver, the v.ariety of scientific tables and the great number of cryogenic 
engineering problems have resulted in practically all of them being 
different. |n this Section we consider the first Soviet nuclear demagne- 
tization refrigerator which produced puperfluid helium-3 in summer 
1982. The preliminary cooling of the nuclear demagnetization stage 
is k ctqne by ;a ?He- 4 He i dilution refrigerator designed at the IPP. 
Since the' dilution refrigerator must run nonstop for many days to 
ensure operation of the, nuclear demagnetization refrigerator, it 
must be reliable. In some experiments the dilution refrigerator oper- 
ated, for as long as .three months without a break. Thus this factor 
placed no restriction on the duration of the experiments. 

Much though^ has also been given to, isolating the refrigerator from 
vibration- and high-frequency and ultrahigh-frequency electro- 
magnetic fields. To isolate the equipment from electromagnetic 
radiation, the room, in which it was installed was completely shielded 
by a eppper screen 0.2 to 0.5 mm thick. The power and service lines 
all had HF filters or dielectric shunts. 

Adequate vibration isolation presented more difficulties. The 
refrigerator was housed in the. building of a large institute in the 
centre of a big city, so vibration is always present. To solve this 
problem we used a technique that so far as we know has not before 
been applied to similar setups. The cryostat was mounted on a 
heavy pendulum, ^which consists of a 800-kg concrete base suspended 
by ropes with the distance between the suspension point and the 
center of mass being 6 m (Fig. 3.1). The refrigerator was mounted 
on the base, which rests on the floor. When operating at ultralow 
temperatures, mobile bellows in the upper part of the suspension 
gear are pumped up and the base rises above the floor. In order to 
dampen vibration, the three bellows are connected via a small- 
diameter tube to a 40-1 ballast vessel. The pump lines are designed 
as long bellows hose so that vibration cannot be transferred along 
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them. Two rotary bellow units wete used to decouple the main 
(160 mm in diameter) pumping line of the dilution cryostat. One is 
shown in Fig. 3.1. To prevent the bellows being stretched when not 
blown up guy wires are used to compensate for the pressure. The 
addition of & booster pump the 
tube also improves the vibration 
isolation of. the setup. All this re- ...JT 

suited in vibrations withfrequen 

cies higher than 1 Hz being effec_-„._ 
tively damped. If the suspension 
base touches- the floor, the helfe 
um-3 superfluid phase can only 
be maintained for 1 day, where- 
as when suspended the super- 
fluid helium state can be worke;d ; 
with lor 12 days after a single v de- ' 
magnetization process. . '''' 



3.2.2. 



The Dilution 
Refrigerator 



A conventional 3 He- 
4 He dilution refrigerator was used 
to pre-cool the nuclear stage of 
the nuclear demagnetization 
cryostat. The principles of opera- 
tion of dilution refrigerators are 
outlined by Lounasmaa [3.5]. Here 
we discuss features of -our design 
[3.6]. 

The layout of the circulation 
system in the dilution refrigera- 
tor is shown in Fig. 3.2. Helium-3 
i;s, pumped out of the refrigerator 
(1) by a booster pump (2) which 
has a capacity of 900 1/s, by a 
pump (3) which has a capacity of 
45 1/s and pumps (4, 5) which 
have a 5 1/s capacity. These 
pumps provide a helium circula- 
tion rate of 2 X 10 ~ 3 mole/s with 
input pressure of 2 X 10 ~ 2 torr 




Fig. 3.1. Refrigerator 
vibration isolation: 1— bellow* of the 
refrigerator lifting system and shock 
absorbers, 2— angular damper for the 
bellows, 3— the Dewar vessel with the 
demagnetization refrigerator mounted 
inside, 4— the 800-kg base. 

and an output one of 100 torr. 



The 3 He then enters a purification system composed of self- 
contained nitrogen (7) and helium (8) traps. The trapping system 
prevents the refrigerator's 3 He return lines from blocking. The liquid 
nitrogen trap is essentially a large diameter tube (30 mm) filled 
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with an adsorbent. In this tube the gaseous 3 He descends to the 
region of liquid nitrogen temperatures. In the helium trap, placed 
inside a standard transport helium Dewar vessel, the 3 He flows 
down a tube (10 mm in diameter) around an array of copper plates 
(~50 pieces) and then returns along the central tube so cooling the 




Fig. 3.2. Layout of distribution lines in the 3 He-in- 4 He dilution 
refrigerator: 1 — refrigerator, 2 — booster pump, 3— Roots pump, 4 and 5 — 
roughing-down pumps, tf— emergency throttle, 7— liquid nitrogen trap, 8— liquid 
helium trap, 9— tank for storing mixture. 

incoming 3 He. The helium trap effectively adsorbs air and the other 
gases from the helium, thus making it possible to operate even under 
emergency conditions, for example when the whole assembly has a 
leak of about 10~~ 2 torr 1/s. 

To improve the reliability of the refrigerator, the 3 He return 
line and impedances are duplicated. When one of the return lines 
is blocked, the 3 He can be diverted to the other line. In addition, it 
is convenient to use both return lines simultaneously while the 
helium is condensing in the refrigerator. 
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Figure 3.2 also shows the emergency valve (6) for discharging the 
3 He into tanks (9) to store the mixture should the 3 He circulation 
system get blocked. Two fore-pumps improved the reliability of the 
circulation system, since a failure of any of the four pumps only 
slows down the circulation rate whilst the unit can be replaced or 
repaired. Besides, the second fore-pump makes it possible to use 
the mixture in the tanks independently whilst the 3 He is being 
circulated. 

The low temperature refrigerator stage is shown in Fig. 3.3. It is 
placed in a helium Dewar vessel which has a nitrogen shield. The 
3 He flow from the return lines goes into a helium bath through a 
sintered heat exchanger (1) about 0.3 m 2 in area. The heat exchanger 
is a flat tablet 2 mm thick sintered from copper grains 10-40 (Lim 
in diameter. A similar heat exchanger (2) is located in the 4 He pot (3) 
and serves to remove the latent heat of condensation from the 3 He. 
The replacement of the coiled tubular heat exchanger, which we 
started off using, by a sintered one resulted in a drop in the con- 
densation pressure of the 3 He from ~760 torr to 50-100 torr under 
the same conditions and the refrigerator began to operate more 
stably. 

The 3 He then flows through an impedance of 10 11 cm~ 3 , a coiled 
heat exchanger in a still (4), another 5 X 10 9 cm -3 impedance, 
a coiled double-spiral heat exchanger (5), similar to the one described 
in [3.7], and finally enters the step heat exchangers (6). These are 
manufactured from flat copper disks, on both sides of which copper 
grains 10-40 jum in diameter are sintered-on (see inset in Fig. 3.3). 
The disks are assembled in stacks of the required dimensions. All 
the disks, except the one separating the concentrated and diluted 
3 He fluxes, are drilled and threaded with close fitting tubes. The 
tubes are silver-brazed onto a cover inside a vacuum furnace and 
the disks are then welded around the circumference. This sort of 
heat exchanger offers little resistance to the 3 He flux, ensures adequate 
thermal contact over the heat exchanger body, and can be manufac- 
tured with various areas by changing the number of disks in the 
stacks. In our refrigerator, the heat exchangers had areas (on each 
side) of 1.5, 1.5, 3.0, and 6.0 m 2 , which correspond respectively to 
1,1,3 and 7 disks. After passing through the refrigerator the 3 He 
goes into the mixing chamber (7), where by dilution in 4 He il 
absorbs heat. In solution with the 4 He, the 3 He diffuses through heat 
exchangers into the still (4) and is pumped out. A suppressor similar 
to that described in [3.7] is placed inside the chamber, with a heater 
tightly wound around the suppressor's evaporator. 

The operation of the dilution refrigerator was checked by testing 
the mixing chamber with the sensor of a platinum NMR thermo- 
meter. Also, a heater was inserted into the chamber. Some power Q 
was dissipated in the heater and the equilibrium helium temperature 
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in the mixing chamber was registered at a given circulation rate, r\. 
The temperature dependences of the cooling capacity of the dilution 
refrigerator at a constant circulation rate are shown in Fig. 3.4. 
At the relatively high temperatures, the cooling capacity is propor- 
tional to the square of the temperature of the mixing chamber. 
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Fig. 3.4. Cooling capacity of the dilution refrigerator versus 
temperature Inside mixing chamber for different 3 He circulation rates. 

Further, when the temperature falls, for a given 3 He circulation 
rate the heat exchangers cease to handle the heat transfer between 
the supply and return helium-3 fluxes, this leading to a rapid drop 
in cooling capacity. On the other hand, at the same temperature, but 
for a lower circulation rate, the heat exchangers still cope with the 
heat flux and, as a result, the cooling capacity somewhat increases. 
Thus, for each temperature value in the working temperature range 
of the dilution refrigerator, there is an optimum helium circulation 
rate, that corresponds to the maximum cooling capacity. As was 
noted in [3.8], at the optimum circulation rate, the cooling capacity 
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of the dilution refrigerator depends on the forth power of tem- 
perature. In the temperature range from 8 to 30 mK the refrigerator 
has a cooling capacity of 100 X T 4 W. It was shown in [3.7] that 
the dilution chamber temperature can be written in the form: 

7j IC = 6.4/? K JL + 1.22x lO- 2 -?. (3.1) 
G n 

where the first term describes the heat recuperation in the heat 
exchangers, the second one is the heat absorption during the 3 He-in- 

m 2 K 4 

4 He dilution, Rk is the Kapitza resistance in ^ , a is the area 
of the heat exchangers, Q is the heat supplied to the dilution cham- 




5X10" 5 1xio~ 4 2x 10 -4 5 xicr 4 1x10" 3 fj (mole/s) 



Fig. 3.5. Mixing chamber temperature versus 3 He circulation rate 
for different heat supplied to the mixing chamber. The theoretical curves are 
calculated from Eq. (3.1). 

ber. This formula was derived for the case of a continuous heat 
exchanger with an optimum surface distribution. However, it is 
also valid for refrigerators having an array of stepwise heat exchang- 
ers. True, the effective area of a given configuration of stepwise 
heat exchangers is smaller than the real area. For our refrigerator, 
Rk 

the value of 6.4—^— is 0.2. This is clearly seen from the curves of 

Fig. 3.5, which shows the dependence of the dilution refrigerator 

temperature on the 3 He circulation rate given a fixed heat release 

• 

inside the dilution chamber. For theoretical curves, the value of Q 
is increased by 0.4 mW to take into account a heat supply to the 
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chamber. With R K -0.05 , 

the heat exchangers have an 
effective area of 1.5 m 2 , viz. the 
efficiency of the stepwise heat ex- 
changers is 15%. However, it is 
substantially simpler to manufac- 
ture a stepwise heat exchanger 
even if its area has to be an order 
of magnitude larger than that a 
continuous heat exchanger would 
have. 

The limiting temperatures ob- 
tained by the dilution refrigera- 
tor are 7.5 mK in the circulatory 
mode and 3.9 mK in the single- 
supply mode. 

3.2.3. The Nuclear 

Demagnetization 
Refrigerator 

In describing the nuc- 
lear demagnetization refrigerator 
we shall follow the same pattern 
as in the case of the dilution refri- 
gerator. We refer the reader to the 
excellent review by Andres and 
Lounasmaa [3.9] to get an idea of 
the operation principles. We shall 
only deal with the features of the 
design and with refrigerator's 
characteristics. Figure 3.6 shows 
the layout of the nuclear demagne- 
tization cryostat. The refrigera- 



Fig. 3.6. Nuclear demag- 
netization refrigerator: 7— thermal 
switch, 2— heat lead, 3— nuclear demag- 
netization stage, 4— cup of the nuclear 
demagnetization stage, 5— experimen- 
tal chamber filled with 3 He, tf— super- 
conducting solenoid, 7— field probe 
•coil. 
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tor incorporates a dilution chamber that contains three copper 
disks with sintered layers of silver powder with 1000 A grains. 
The total area of these layers is 300 m 2 . The disks have been welded 
to a copper conical joint, 10 mm diameter and with a 10° apex angle, 
to which a thermal switch is fastened (7). The electrical resistance of 
the joint ranges from 0.1 to 0.3 \iQ at 4.2 K. 

The thermal switch is made from 30 lead wires 10 mm long, 0.5 mm 
in diameter, and 99.99% pure. The switch is welded to the heat 
lead (2), which is made from a bundle of glass insulated copper wires. 
The wires have a diameter of 0.5 mm, a resistance ratio — 

900, and a total 4.2 K resistance of 0.6 jxQ. The nuclear stage 
design and its connection to the experimental chamber are similar 
to those designed by the author for the rotating cryostat of the Joint 
Soviet-Finnish ROTA project. This makes the experimental cham- 
bers of the Helsinki and Moscow installations interchangeable. The 
nuclear stage (5) consists of 2136 copper wires 0.5 mm in diameter, 
250 mm long, and weighing 840 g. Each set of 8 wires is welded to a 
cooling duct, which is made from the same sort of wire, and which, 
in turn, is welded to the nuclear stage's base member (4). An 3 He 
chamber (5) is fastened to the base by a conical joint. The chamber 
incorporates a copper chamber with a sintered silver heat exchanger 
10 m 2 in area and a stycast experimental chamber. 

The nuclear demagnetization stage is put inside a superconducting 
solenoid (6'), which has a critical field strength of 8.9 T and was 
designed and manufactured at the Kurchatov Institute. The solenoid 
incorporates compensating coils so that the field strength value over 
the experimental region do not vary by more than 0.03% of the 
solenoid's field strength. A field probe coil (7) is inserted into the 
compensation coils. 

The nuclear demagnetization cryostat is screened by a stainless- 
steel thermal shield which is electroplated with copper and breaks 
along the cryostat's axis. The shield is fastened to the mixing cham- 
ber of the dilution refrigerator. A similar thermal shield protects the 
dilution refrigerator and is fastened to the still. 

The dilution refrigerator cools the nuclear stage down to 20 mK 
within 24 hours and to 16 mK within 100 hours. Following the 
demagnetization, a minimum temperature of 0.6 mK for a helium-3 
sample was obtained in the experimental chamber under a pressure 
of 29 atm. The cryostat makes it possible to perform experiments 
with a superfluid 3 He for as long as 4-12 days after a single demagneti- 
zation cycle. An analysis of the refrigerator's operation indicated 
that its pre-cooling was limited by the thermal switch being too 
rigid, and the final temperature of 3 He is limited both by a direct 
heat supply of about 1-2 nW to the chamber and by the heat transfer 
inside the chamber being too small. If these defects were eliminated, 
the cryostat would be able to cool the 3 He down to about 0.1 mK. 
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3.3. INSTABILITY OF HOMOGENEOUS PRECESSION 

IN 3 He-A AND ITS EFFECT ON RELAXATION 
PROCESSES 

3.3.1. Basic Properties of the 3 He Superfluid Phases 

The coherent quantum state in a system of 3 He fermions 
is due to both the formation of 3 He atomic pairs and their Bose con- 
densation. Accordingly, a macroscopic quantum system can be 
described in terms of a quantum-mechanical ordering parameter 
that is analogous to a single-particle wave function. In helium-3 
which, as has been established, to be paired into the state with the 
orbital moment, # = 1, and the spin moment, @ = 1, a complete 
description of the system necessitates the introduction of the pro- 
jections of the orbital and spin moments onto specified directions. 
The properties of 3 He-A are consistent with the model proposed by 
Anderson, Brinkman, and Morel [3.10 ], in which the spin and orbital 
terms of the ordering parameter are separated. The projections of 
the spin and orbital moments onto certain axes in coordinate and 
spin spaces, d and 1, are (S d = and X\ = 1> respectively. According- 
ly, specifying the d and 1 axes determines the orientation of the 
ordering parameter. By supplementing these by a temperature 
dependent gap in the excitation spectrum, we arrive at a complete 
description of the superfluid 3 He-A ground state. 

The experimental properties of 3 He-B agree with the more com- 
plicated model of Balian and Werthamer [3.111, in which the 
spin and orbital terms of the ordering parameter are not separated. 
However, for every pair of atoms on the Fermi sphere, situated at 
the points K and — K, there is an axis d(K) such that the spin 
projections vanish. The direction of the vector d(K) is given by the 
relative positions of the paired atoms in momentum space. The 
quantities d (K) and K are related in the following manner: 

d(K) = J?(6, n)K (3.2) 

where R (6, n) is the matrix of rotation through an angle 6 about 
the n axis. The scalar 6 and the vector n completely define the spin 
part of the ordering parameter. Hence, they can be used for describing 
the ordering parameter of superfluid 3 He-B. 

For a nonexcited state in a rather strong magnetic field, the 
magnetization in 3 He-A, S, is directed along the magnetic field, 
whereas the vector d is perpendicular to it. In 3 He-B, S and the vector 
n are parallel to H, but the energy retaining n along H (the magnetic 
anisotropy energy of the B-phase) is very low. 

The equations of motion for the vectors characterizing the ordering 
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parameter in heliunwTs superfluid phases were derived by Leggett 
13.12]. Without going into the details of the derivation, we shall 
only clarify their physical meaning. 

Spontaneous magnetization does not occur in superfluid 3 He 
(except for a special state in the vortex cores of rotating 3 He-B 
[3.13]), therefore the magnetic part of the free energy has the form: 

F H = ^--yBS (3.3) 

where % is the susceptibility and y is the 3 He gyromagnetic ratio. 
It can be easily shown that any deviation of 3 He magnetization 
from the equilibrium entails a precession of the vector d. Let us 
consider the properties of the ordering parameter in the frame of 
reference rotating in phase with the d vector. Let the rotation fre- 
quency be o). In this frame, the free energy F H must be augmented 
by the terms (oS. Thence, from the energy minimum condition with 
respect to S we have 

«> = ^--yH (3.4) 

which corresponds to the precession of the d vector in the laboratory 
frame with the frequency 

d = ©xd = (-^~ yH) xd (3.5) 

This is one of the spin dynamics equations derived by Leggett for 
the 3 He superfluid phases. The second equation describes the variation 
of S in time. In this equation an important role is played by the 
spin-orbital interaction caused by the interaction between the 
magnetic dipole moments of the 3 He nuclei. For 3 He-A, the free 
energy of the dipole-dipole interaction has the form: 



'DA 



2V S 



(Id) 2 (3.6) 



where Q A is a parameter with the dimension of frequency and whose 
physical meaning we shall consider below. Accordingly, for a strong 
magnetic field, w r here H is the major orientating factor, we have 
Hid and d || I. 

For the B phase, the free energy of the dipole-dipole interaction 
has the form: 

^db = ^^-(4- + 2cos9) 2 (3.7) 

where Q B is a parameter with the dimension of frequency. The free 
energy has a minimum at the angle 9 = O = arc cos ( — 1 /4). Accord- 
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ingly, the magnetic and dipole energies govern the equation of 
motion for S in 3 He: 

S = v[SxH] + R D (3.8) 

where R D is the dipole-dipole moment, and can be written for 3 He-A 
in the simple form, 

R D = ^[dxl](dl) (3.9) 

Accordingly, the system of equations (3.5)-(3.8) is complete for 3 He 
spin dynamics without dissipation. The solutions of this system in 
strong fields are two oscillation modes called the longitudinal and 
transverse modes according to the polarization of the S vectors in 
them. In the limit of small oscillations, the longitudinal mode is 
associated with the oscillations of | S | and with oscillations of d 
within a plane perpendicular to S and with frequency Q A (^b)- 
This is why these frequencies were used in eqs. (3.6) and (3.7) as 
parameters of the dipole-dipole interaction. The longitudinal reso- 
nance frequencies which depend on both temperature and pressure 
are extremely suitable parameters for specifying the spin dynamics 
of the A and B phases of 3 He. 

The transverse mode constitutes the precession of the magnetization 
S around the magnetic field and, simultaneously, the motion of the d 
vector at the same frequency along a figure-of-eight trajectory 
(in 3 He-A). In 3 He-B, the n vector precesses around H (for free 3 He). 
The precession frequency of the transverse mode is a superposition of 
the longitudinal oscillation frequency and that of the Larmor pre- 
cession. The value of the additional term with Larmor precession 
frequency depends on the concrete situation. In particular, in a 
strong magnetic field in free 3 He (not bounded by closed vessel walls) 
with a space-uniform ordering parameter and in the absence of both 
superfluid currents and a strong electric held, the longitudinal mode 
frequency in 3 He-A is 

coi = y*H* + Q\ ( 4" + 4 cos p ) 2 (3.10) 

where |3 is the angle of deviation of S relative to H (tilting angle). 
For 3 He-B under these conditions, the precession frequency equals 
the Larmor frequency, when P < 104°. The dynamic properties 
of 3 He-B will be considered in greater detail in Sec. 3.4, whereas 
now we shall turn to describing the "intrinsic" relaxation process 
proposed by Leggett and Takagi [3.14], within whose framework 
the relaxations in superfluid 3 He are generally treated. 

10-092 
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3.3.2. "Intrinsic" Relaxation Mechanism in 
Superfluid 3 He 

All the above 3 He properties were dealt with in the 
"nondissipative" approximation. One of the basic processes resulting 
in relaxation of the magnetization after its excitation are "collisions" 
between quasiparticles of the superfluid 3 He. The characteristic 
time of these collisions, t, is a major parameter equalizing both 
the magnetic and orbital parts of the ordering parameter. Qualitative- 
ly, the "intrinsic" relaxation mechanism is reduced to the following 
process. Under equilibrium conditions and at a given temperature, 
a certain fraction of the 3 He atoms are in the superfluid state, the 
remaining being in the normal state. It should be remembered that 
3 He atoms spend some time in the superfluid state and the rest of the 
time is spent in the normal state, where the time t specifies the 
transition frequency of the atoms between the states. The ratio of 
superfluid fraction magnetic moment against the total 3 He magnetic 
moment will be denoted via the parameter X: 

* = -^-; 1-* = -^- (3.H) 

The spin dynamics equations for S s and S n will be different. The 
dipole-dipole moment Rd does not directly influence S n . Accordingly r 

S S = V [S 8 XH] + Ri> (3i2> 
S n = Y[S n xH] 

However, the equations for S s and S n are not separated, since both 
yield an effective magnetic field that is incorporated into the equation 
of motion for d vector, 

'='[' x ( B -f-^)l < 313 > 

where % s and Xn are the susceptibilities of 3 He superfluid and normal 
components, respectively. 

When the magnetization of the superfluid or normal component is 
not the equilibrium one, then collisions between quasiparticles 
must take the magnetization back to equilibrium. The process can 
conveniently be specified by the vector rj = S s — = (1 — k) X 
S s — X,S n , which describes the deviations of S s and S n , respectively, 
from equilibrium. In the frame of reference in which the equilibrium 
magnetization is at rest, the process of restoring S s and S n to the 
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equilibrium value can be described by the equations 
(S s + S„) . =0 

x\. = — > — - T] (3.14) 

'(S=0) T 1 v 

Accordingly, from equations (3.12)-(3.15) in the laboratory frame we 
have the equations of the dynamics of a spin system with the "intrin- 
sic" dissipation mechanism: 

S = v[SxH] + R D 

d = T [dx(H.|S-^)] 

^-T[^(H-^ r8 )]-(l-X)B D -i <315) 

where z is the Fermi liquid correction describing the deviation of 
the 3 He normal component susceptibility, % n , from the ideal Fermi gas 
susceptibility, Xno» 

Xn = Xno(l+^)" 1 (3.16) 

In the limit of relatively low precession frequencies (cot <C 1) and 
small tilting angles, the system of equations (3.15) has the solution 

exp (— iat — tIT) (3.17) 

For the longitudinal mode in the A-phase we have 

(d=q a ; i^= i ir LQiT ( 1 + ^-)" i < 3 - 18 ) 

Accordingly, for the transverse mode we have 

«*~Qi + T»*»; 17 = 17 or^TTr (3.19) 

For the B-phase, formula (3.18) is also valid, if we make the sub- 
stitution Q A Q B - For magnetization tilting angles f5 < 104° 
the transverse mode has no frequency shift, and as a consequence 
the above relaxation mechanism fails. 

The large (3's that are easily realized during experiments with 
pulsed resonance are very interesting. The expression for the relaxa- 
tion in this case was derived using the adiabatic approximation by 
Fomin [3.15], and for the A-phase it has a form 

^ = 2k ( ) 4 (1 - u);(35w 3 + 55u 2 + 25u + 13) (3. 20) 

where u = cos P and x is the phenomenological parameter. For 
the tilting angles P > 20°, the relaxation is approximately linear. 

10* 
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In the limit of small fTs, expression (3.20) has the following asymp- 
totic 

(1 — u) = (1 — u ) exp [— xQ 4 A (t — t )] (3.21) 

Whence, by correlating this with (3.19) and taking into account 
that the variation in the transverse magnetization components is 
linear in (J, whereas that of longitudinal components is proportional 
to P 2 (in the limit of small angles), we have 

K = ±=^%y- 2 H-* (l (3.22) 

As was demonstrated in [3.16], as T — T c the quantity x from the 
Leggett-Takagi equation corresponds to t , viz. the time elapsed 
between collisions of quasiparticles in the normal 3 He phase. Since 
x ~ 7 1 - 2 , the value of x obtained at different pressures should be 
proportional to T^ 2 . Therefore, following [3.17], in order to compare 
the results gained for different pressures, we have to specify the 
dissipative process of "intrinsic" relaxation by the parameter xT\. 

The experimental research on relaxation processes in the spin 
system of 3 He superfluid phases originated from studies of the line 
broadening of steady-state NMR [3.18]. The results corroborated the 
validity of eqs. (3.18) and (3.19). The parameter xTl was found 
in these experiments to be 0.36 fxs (mK) 2 . 

Later experiments were performed on pulsed NMR [3.19, 20]. 
The restoration of longitudinal magnetization after a powerful RF 
pulse was studied in these experiments. To do this, the second RF 
pulse was fed into the system a certain delay time after the first 
pulse, and then the induction signal's amplitude was matched against 
the value of the longitudinal magnetization at the instant the second 
pulse is fed in. The first pulse forces the magnetization to deviate 
through 90°. According to (3.20), the relaxation of the longitudinal 
magnetization after this pulse must be almost linear except for small 
angles and must cover about 8Tj_. Thus, at a temperature of 
T = 0.96r c , given the conditions contained in [3.19], the time it 
takes for full recovery of the magnetization (FRT) in a field of 
463 Oe, i.e. Tfrti should be ~750 ms, whereas given the conditions 
in [3.20], in a field of 284 Oe it should be ~500 ms. However, the 
experimental time for the complete restoration of magnetization 
appeared to be an order of magnitude shorter, i.e. 30 and 20 ms, 
respectively. A search thus began for another, faster mechanism 
that could lead to a relaxation in 3 He-A at large deviation angles P 
of the spin system. 

To this end, we undertook studies of the damping of the induction 
signal inside superfluid 3 He-A, in as homogeneous an external field 
as possible. According to (3.10), the precession frequency in 3 He-A 
should depend on the angle the magnetization vector has deviated, 
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i.e. p. Thus, following a change in the precession frequency during an 
induction signal we hoped to study the relaxation process occurring 
in a uniform magnetic field. 

3.3.3. A Study of the 3 He-A Free Induction Signal 

In order to study free induction, a new chamber was 
manufactured, (Fig. 3.7). The experimental vessel was a cylinder 
0.5 mm in diameter and 13 mm long connected through a narrow 




Fig. 3.7. Experimental chamber: 7— the chamber for studying 
3 He in open geometry, 2— subdivided RF coils, 3— the chamber containing lav- 
san plates parallel to external field's direction, 4— NMR thermometer sensor, 
5 — heater, 6— the duct leading to the sintered heat exchanger in the nuclear 
demagnetization cryostat. 

duct with the remaining volume of the 3 He container. The second 
experimental vessel was a parallelepiped 5 X 5 X 12 mm in size 
and filled with lavsan (mylar) plates 0.01 mm thick spaced 0.3 mm 
apart. The plates were oriented along an external magnetic field. 
Since the 3 He-A precession frequency is a function of spin deviation 
angles, much thought was given to homogeneity in the driving RF 
field. To ensure this, the RF coil is subdivided into three sections 
whose numbers of turns were calculated and then corrected, after 
having measured the RF field's homogeneity. The resulting homo- 
geneity was checked experimentally by means of an induction signal 
excited in a tiny pickup loop placed at different points on the RF 
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coil. The RF field's profile along the axis of experimental chamber 
is shown in Fig. 3.8. The figure also depicts the helium distribution 
in the chamber within the working range of RF field. The homo- 
geneity of the external magnetic field is controlled by an induction 
signal in 3 He's normal phase. Helmholtz coils have been used to 
correct the linear gradients. In addition, a small permanent magnet 
placed outside the cryostat enabled us to decrease slightly the second 




-5 5 10 



Fig. 3.8. RF field's amplitude distribution along the axis of the 
experimental chamber and the 3 He distribution inside the chamber without 
plates. 

spatial derivatives of the magnetic field. The 3 He pressure in the 
experimental chamber was 2.1 X 10 4 torr. Our experiments were 
performed in a magnetic field which corresponded, in the limit of 
small P's, to the 3 He-A precession frequencies of 250 and 500 kHz. 

The setup's electronic equipment included a powerful RF pulse 
generator, a broad-band pre-amplifier, a resonance amplifier, and 
the Datalab-905 fast memory unit. The exciting RF pulse with a 
length of 4 periods at 250 kHz or 8 periods at 500 kHz, was applied 
across the RF coil. The spin induction signal was picked up by the 
same coil, amplified by the RF amplifier and stored at 1024 points. 
In order to make processing the data on the induction signal frequency 
and amplitude more convenient, a time delay between signal storage 
instants was made 

4/2 -fl 



Investigations of 8 He Superfluid Phases 



151 



where a) is the RF pulse frequency. Thus, at n = the induction sig- 
nal was written to 4 points per period. If the signal had to be observed 
for 250 periods, the spacing between the points was made in such 
a way that signals in adjacent points were changed in phase by ~ jt/2. 
Next, the signal record was transferred to a computer and simulta- 
neously observed on monitor. The external magnetic field was chosen 
so that after magnetization vector deviated through a small angle 
(~7°) the induction signal phase in the record points remains con- 
stant, viz. the induction signal frequency agrees with that of the 
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0.5 ms 1 

Fig. 3.9. The induction signal in 3 He-A following a change in 
the direction of the magnetization vector by (5 = 81°. The signals were recorded 
when x = (4 X 250 X 10 3 )- 1 s. 

RF pulses. Since in the limit of small angles for 3 He-A we have 
= y 2 H 2 + Q\, &a is determined using the value of resonance 
magnetic field, and from the known dependence Q A (T) we get the 
temperature. Figure 3.9 depicts a typical induction signal record 
for p = 81° (co = 250 kHz, Q A = 55 kHz). 

The recorded signal phase is clearly seen to be time-dependent, 
this indicating that the induction frequency differs from 250 kHz. 
We can also see that the rate at which the phase changes is time- 
dependent, too. The computer has approximated every 16 recorded 
points by a sinusoid of the appropriate frequency, phase, and am- 
plitude, thus reconstructing the parameters of the primary induction 
signal and bringing out them graphically. 
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The 3 He (3 due to the RF pulse was dependent on the induction 
signal amplitude in the normal phase. The change in (3 caused by a 
frequency shift in A-phase amounts to no more than 2° at minimum 
Q A an d P ~ 100°, according to the computer calculations of the 
magnetization vector's motion caused by the RF fields [3.211. 

As seen from Fig. 3.9, when the magnetization vector deviates 
through P = 81°, the induction signal decays for ~0.8 ms. Such 
fast signal decay cannot be explained by an inhomogeneity in the 



L»^_ . 






-0.5 









0.5 

t 


1 



ms 



Fig. 3.10. Free induction signal's decay for normal 3 He phase at 
250 kHz indicating the external magnetic field's homogeneity (dashed line) and 
the 3 He-A induction signal's decay calculated for the conditions in Fig. 3.9 
and caused by RF field inhomogeneities (solid line). 

external field, an RF field inhomogeneity, or an "intrinsic" relaxa- 
tion. Fig. 3.10 presents the induction signal decay for the same 
field in the 3 He normal phase. This decay characterizes the external 
field inhomogeneity. The induction signal phasing-out in 3 He-A due 
to an RF field inhomogeneity has been computed for the given ji's 
and temperatures according to the RF field and 3 He distributions 
in the chamber (Fig. 3.8) and is also presented in Fig. 3.10. As can be 
seen, both of these "extrinsic" phasing-outs comprise a small fraction 
of the induction signal damping. In order to determine more exactly 
the inherent decay of the 3 He induction signal, the phasing-out con- 
tributions due to the inhomogeneities in the external and RF fields 
were excluded from the signal. 

We have investigated the induction signal decay as it depends 
both on temperature and on the tilting angle |3. Figure 3.11 contains 
the time dependencies of the induction signal's intensity at diffe- 
rent P's for a temperature T = 0.93r c and a frequency 250 kHz. 
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The experimental data are indicated by dots. The solid curve traces 
the induction signal decay for a spatially homogeneous relaxation 
process, as calculated from the Leggett-Takagi theory for o = 250 
kHz and Q A = 55 kHz. 

The P value was calculated from (3.20) as a function of time, and 
the value of S± (£) = S sin [p (t)] was plotted. The constant value 
of tTc which specifies the "intrinsic" relaxation rate was chosen to be 
0.29 \is (mK) 2 ; this somewhat differs from that obtained in the 
experiments on steady-state NMR [3.18], yet is in a good agreement 
with acoustic experiments [3.17] and our data (see below). The initial 
points of the experimental relationships obtained for the P's are 
plotted according to the theoretical function P (t). 

It can be seen from Fig. 3.11 that for p ^ 30° 3 He-A magnetization 
relaxes in good agreement with the Leggett-Takagi theory. At larger 
P's processes emerge that lead to a significantly more rapid change 
in transverse magnetization. 

By means of the frequency dependence of the induction signal 
it is possible to test the process of longitudinal magnetization 
restoration. The solid curve in Fig. 3.12 shows the calculated time 
variation of the 3 He-A homogeneous resonance frequency caused by 
the "intrinsic" relaxation mechanism. According to (3.9), the induc- 
tion signal frequency is influenced by p (t) thus 

0)2 (t) = (o 2 -Qi [cos (t) - 1]2 (3.23) 

The dots and crosses stand for the experimental time relationships 
of the induction signal frequency at different initial P's. The initial 
experimental points for frequency are also fitted to the frequency 
values for the given P's. It is clearly seen that for P ^ 50° the behav- 
ior of the induction signal frequency is consistent with the Leggett- 
Takagi theory of relaxation. For the larger P's the restoration of the 
induction signal frequency occurs much more rapidly. 

If the 3 He-A is assumed to remain homogeneous during relaxation, 
formula (3.10) will enable us to find the time variation of the lon- 
gitudinal magnetization S\\ (t) from the value of the induction 
signal frequency, whereas S ± (t) can be found from the value of the 
induction signal's decay time. The total sample magnetization 
[Stf (t) + S\ (f)]/2 should be constant. However, for P > 30° the 
total magnetization appears to fall in much the same manner as 
S± (0 does, whence one can conclude that the spatial homogeneity 
of the precession in 3 He-A is strongly violated. 

Alternatively, for p ^ 30°, the 3 He-A precesses homogeneously 
and both the induction signal decay and the signal frequency varia- 
tion are governed by the intrinsic relaxation mechanism. For p < 
< 20° the induction signal decay is exponential with a time constant 
T±, which is consistent with (3.19)-(3.21). Figure 3.13 shows the ex- 




Fig/ 3.11. 3 He-A [induction signal's decay for different (J angles (dots). The solid curve is the induction 
signal's decay as calculated from the Leggett-Takagi theory under homogeneous relaxation conditions. The origin of 
the experimental dependences is fitted by the tilting angle P to the theoretical curve (co = 250 kHz, — 55 kHz). 
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Fig. 3.12. Time variation of the induction signal's frequency for different (5's (dots and crosses). The solid 
line is the time dependence of the induction signal's frequency as calculated from the Leggett-Takagi theory under homo- 
geneous relaxation conditions. The origin of the experimental dependences is fitted by the tilting angle P to the 
theoretical curve (w = 250 kHz, Qa = 55 kHz). 
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perimental values of the induction signal's damping factor versus the 
frequency Q A which is determined by the temperature for NMR fre- 
quencies of 250 and 500 kHz. The figure also depicts the theoretical 
relationship 

1 - i-* Q4 a t i \ ' 1 z r 1 

where x = 4.6 X 10" 8 s, which corresponds to %T% = 0.29|is (mK) 2 . 




0.1 0~.2 0.3 0.4 0.5 0.6 0.7 0.8 
(Q A /2n) 2 (10 10 Hz 2 ) 

Fig. 3.13. Damping of the induction signal for (5 ^30° versus 
the longitudinal oscillation frequency, Qa» at the NMR frequencies of 250 kHz 
(®, O) an d 500 kHz (+) inside the chamber with 3 He-A open geometry (Q» +) t 
and inside the chamber with parallel plates (O)- Solid line is the dependence as 
calculated from the Leggett-Takagi theory with the constant tTc = 0.29 
[is (mK) 2 . 

1 ^ l i \ -l 

The dependence of — —I 1 + -4 z ) onQ A (see Fig. 3.13) was ob- 
tained by recalculating the curve published in [3.17]. 

It follows from the experimental data, relaxation in a chamber con- 
taining a set of plates parallel to external field occurs at the same 
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rate as in an empty chamber. Moreover, note the systematic deviation 
of the experimental points from the theoretical curve at low tem- 
peratures and for 500 kHz. 

The abrupt acceleration in the induction signal's decay at the large 
P's can be explained by the theory of instability of 3 He-A homo- 
geneous precession. 

3.3.4. Instability of Homogeneous Precession in 3 He-A 

In 1979 the instability of homogeneous precession in 
3 He-A was demonstrated theoretically by Fomin [3.22]. He showed 
that the homogeneous precession decays into spin waves of large am- 




Fig. 3.14. The rest (z, y, z) and body (£, x\, £) coordinate systems 
and the trajectories of the S and d vectors in a transverse oscillation mode, a, P, 
and v are Euler angles, <X> = a — v. 

plitude [3.23] which can conveniently be considered in the frame of 
reference related to 3 He average magnetization [3.24]. 

For strong magnetic fields, such that (~^) < 1» the vectors 

S and d are closely related. (In any case in order to excite them to mo- 
ve relatively to each other an energy of the order of Zeeman's energy 
is needed.) When S deviates from the magnetic field direction, the 
magnetization vector precesses around H, and is involved in slower 
motions caused by dipole-dipole interactions. Following Leggett and 
Takagi [3.14], we shall introduce a frame of reference (£, r|, Z) close- 



Investigations of 3 He Superfluid Phases 



157 



ly connected with the vectors S and d and shall specify its orienta- 
tion through the Euler angles a, |5, and v, which are respectively the 
angle of rotation around the axis z || H, the inclination of the g axis 
from the z-axis and the angle of rotation around the axis £ (see Fig. 
3.14). 

In this frame of reference, Leggett's equations of motion have the 
much simpler form: 



' S ^-y H ^S~ « = V^(-l + 4^) (3-24) 

Here S is the magnetization along the £ axis normalized over the 
equilibrium magnetization, and F D is the free energy of dipole-di- 
pole interaction. 

Since we are interested in the case of precession of almost all the 
magnetization around H, we shall assume that S ~ 1. In this way 
we can compose a slow variable from the two fast variables y and a, 
i.e. O = a + y, and average the dipole-dipole energy over a fast 
variable, (E D (a, <$, S Z1 S)) = V (O, P/S). As a result, we obtain 

P = i_ T #(-l + 4£) (3.25) 

where P = S z — S is the adiabatic invariant of motion. 
It can be seen that the precession S occurs at the frequency 

co x = T #(-l + -gi) (3.26) 

(given the approximation Q% <C v 2 H 2 ). On the other hand, when not 
at equilibrium, S and O execute small oscillations at a frequency 

oi, =^g-V 2 # 2 (3.27) 
For 3 He-A, the averaged dipole-dipole potential has the form 

At S = 1 and <1> = 0, n the homogeneous [precession frequency will 
be 

a x =- Y /r-|^(4 + 3/>)=-Yff-y-§-(l + 3cosf}) ) 
since P = S — S 9 » cos|3 — 1. 
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Figure 3.14 shows the precession of the S and d vectors, and indi- 
cates the positions of the angles a, |i, v, O, as well as the fixed (x r 
y, z) and precessing (|, T), £) frames of reference. 

The spatially homogeneous precession appears to be unstable in 
3 He-A. In fact, by virtue of the equations of motions, the quantity 
P is an adiabatic invariant and can be considered as a thermodynam- 
ic variable. Let us substitute the 3 He volume into two parts and 
exchange the quantity 8P between them. This exchange is energeti- 
cally unfavorable if the second differential of the free energy with 
respect to P is positive. Under the conditions of our problem, this re- 
quirement will reduce to 

7 >0 (3.30) 



dP* 

This is equivalent [3.24] to the condition 
dco 1 (P) 



dP 



>0 (3.31) 



d(D , (P) o q2 

For 3 He-A, we have — fjz — = — — < 0, and this means that 
' dP 8 yH ' 

the homogeneous precession is unstable. Thus, it is energetically fa- 
vorable to increase P in one part of the volume, and this will be equiv- 
alent to an increase in the deviation angle p, and simultaneously 
to decreased (and |3) in the other part of the volume so that, on the 
average, the available adiabatic invariant P will be conserved. The 
spatial structure of the developing instability is extremely compli- 
cated. A growth in the instability should be resisted by 3 He gradi- 
ent energy, viz. the elastic energy of the ordering parameter. Be- 
sides, spin diffusion should result in an effective 3 He relaxation to the 
S || H state as soon as a spatial inhomogeneity begins to develop. 
In the limit of small perturbations to the homogeneous precession, 
this problem was solved in [3.22, 3.23, 3.251. The 3 He-A precession 
at the frequency (Dj^cos fi) and S = S = const; (3 = p = const; 
a = a (t) = (o ± £ -f- const; O = was investigated with respect 
to its stability to perturbations in the S, |3, a, O quantities, which 
depend on a spatial variable r, the perturbations being respectively 
cos p = cos p o + e (r); a = a + v (r); S = S + o (r); and O = 
= O + ¥ (r). With a due regard for the gradient energy and spin 
diffusion, the solution of the linearized equations of motion for the 
Fourier components of the perturbations has the form of spin waves: 

e = e exp ( — i(o£ — iKr) 
v = v exp ( — iat — iKr) 
W = X Y exp ( — tot — iKr) 
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w= [-4^(-T Q A sin2 P + C 
Q 2 A (3- cos P) (1 + cos P) + 4C fe nl/2 
Q\ (1 + cos P) a + 4C fc J 



X 



X 



(3.32) 



where C k = C 2 a ^K a K^\ D k = P^A^Ar,; and C^p is the tensor of 
the squared velocities of the spin waves and is the tensor of spin 
diffusion coefficients. 

In the limit of a 3 He-A spin system at rest, 



cos P = 1, co = 



2yH 



(3.33) 



and for the perturbations e,\ v, W we have solutions in the form of 
travelling spin waves damping due to spin diffusion. 

For a spin system inclined to H through the angle (J, the oscilla- 
tion frequency of the spatial inhomogeneities with the K value satis- 




, ^ , 

Fig. 3.15. The spatial distributions of the precession phase and 
amplitude, and the angle O for the case of a growing spatial inhomogeneity 
with the wave vector K. 



tying the condition C 2 a ^K a K^ < -^Q 2 A sm 2 ^ appears to be strictly 

imaginary and the solution of the equations of motion for the pertur- 
bations takes the form: 

e = e exp (T k t — iKr) 

v = v exp (T k t — i"Kr) 

V = W exp (IV - iKr) (3.34) 

where T h is the modulus co, see (3.32). Thus, a spatial inhomogeneity 
with a rising increment T k develops against a homogeneous preces- 
sion background. Thee, v, values are found to be of the same order 
of magnitude, whereas a is substantially smaller. This mode can 
be represented qualitatively as in Fig. 3.15. 

To estimate the effect of developing inhomogeneities on the exper- 
imentally observed amplitude and frequency of the free induction 
signal, both a suitable recalculation and an integration over all 



160 



Yu. M. Burikov 



the K's must be performed. It should be borne in mind that in the 
general case the initial perturbations e , v , and Y also depend on 
K and the problem becomes very involved. 

Assuming that amplitudes of the initial perturbations are inde- 
pendent of K (e.g. thermal fluctuations), and by using the fact that 
T h has a maximum (r max ) with respect to K, it was shown in [3.25] 
that the experimentally observed values of the transverse magneti- 
zation and precession frequencies depend on time, i.e. 

<5 X > = 5xo [l - l/9 ^ s exp (2r niax f)l (3.35) 

L 1^1 max t J 

<4r + 1 + 4 w <* + cos »> = ywt^ exp (2rmax0 (3-36) 

where ^4 S and A 6 are the constants corresponding to the initial per- 
turbations in the system. Assume for simplicity that C|p is propor- 
tional to D a £, we find that T max can be written as 

r ™* = l|-(-^sinsp)tf m (3.37) 

where K m is the maximum-in-z value of the function 

K (z) = 2 [z (z - 1) lllltl -A*] (3.38) 
where 

A = J ^T' U=:;1 - C0S P' z =T C ^Q^iT¥, ( 3 - 39 ) 
The build up of the inhomogeneities has naturally to be somewhat 
restricted. However, even if this process is stopped, the resultant 
inhomogeneity will effectively lead to a very fast longitudinal re- 
laxation. In fact it follows from (3.25) that 

4r = " v* -Sh - ww- d + cos P) 2 sin 2 ® ( 3 - 4 °) 

^ In the homogeneous case, sin 2® = Oand the magnetization volume 
runoff is absent. Given an instability, sin 2® is to be nonzero, 
which fact should be followed by a longitudinal relaxation with a 
time constant of 

T mln ~ ij£ (3.41) 

Simultaneously, the time constant of the "intrinsic" relaxation for 
a 90° deviation (full recovery time) is 

< 3 - 42 > 

where- Q ~ 250 Hz. Thus, even a small deviation from the equilib- 
rium value leads to a substantial speed up of relaxation. 
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3.3.5. Experimental Studies of an Instability 

in the Homogeneous Precession in 3 He-A 

As was demonstrated in [3.20], the shape of the induction 
signal's decay is described by a dependence like 

/ 1 = / [l-i4 exp(*/r*)]] (3.43) 

for p > 50°, this being consistent with formula (3.35). A more de- 
tailed analysis of the experimental curves showed that a better agree- 
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Fig. 3.16. 3 He-A induction signal's decay at P = 81°, co = 
= 250 kHz, Q A = 55 kHz. The functions given are: I [1 — 10" 4 exp (t/T^)] 
(dashed curve), 

/ I (dash-dotted curve), 

/ /[l + 10- 4 exp (t/Tq,)] (solid curve). For all functions, = 75 \ls. 



ment with the experiment is provided by an empirical function of 
the form: 

The latter does not differ from (3.43) in the region of t, where 
A exp (t/T<x>) <1, viz. within the domain for which the theory of 
homogeneous precession instability is valid. On the other hand, 
the function in (3.44) mirrors the fact that an instability's develop- 
ment has to be restricted. In Fig. 3.16 dependences similar to (3.43), 

11-092 
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(3.44), and (3.35) are compared with an experimental curve for the 
induction signal's decay, given (3 = 81°, co = 250 kHz, and Q A = 
= 55 kHz. For all three curves, f = l/2F max = 75^is. 

The behavior of the instability build up increment versus 
the angle (5, the external magnetic field, and the temperature was in- 
vestigated in [3.21]. Figure 3.17 shows the dependence of the build 
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Fig. 3.17. Increment of instability growth 1/T^ versus P at co = 
500 kHz for temperatures T = 0.82- T c (I) and T = 0.9-7^ (II). Solid curve 
is proportional to the theoretical function (4.37). 

up increment, l/T , on p at T = 0.82 T c , and T = 0.9 T c (Q A = 
= 79 kHz and 60kHz). The experimental points are in. a good 
agreement with the curves given by (3.37) up to a constant. 

The way the instability build up increment depends on temperature 
(Q A ) and external field strength also agrees with (3.37) to a factor 
of 2. Thus, all functions of this type are consistent with the theory 
of instability proposed by Fomin. The quantitative discrepancy be- 
tween the results might be caused by the fact that under the experi- 
mental conditions the chamber size is only about 50 times larger than 
one wavelength, for which the instability develops most rapidly. 
On the other hand, when 2n/K of order of the size of the chamber, the 
initial perturbations resulting in instability is much larger than the 
thermal perturbations because of boundary effects. As a result, the 
value of the initial perturbations depends on K. It is quite possible 
that inhomogeneities with smaller K's manage to develop faster 
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than those with the optimum K because their initial perturbations 
are significantly stronger. 

Finally, the induction signal's amplitude and its frequency as 
functions of time were carefully compared. The frequency proved to 
vary in the same way as does amplitude, although it requires a slight- 
ly smaller initial perturbation. Figure 3.18 compares the two for 
P = 81°. The quantity A in the time dependence of frequency is half 
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Fig. 3.18. The induction signal's decay (X) and the variation in 
the induction signal's frequency (•) over time. The solid curves are calculated 
from the functions: (lower) + lO^exp (t/T^)] and (upper) 250— 4.5 [1 + 5 X 
10- 5 exp (t/Tv)]- 1 . 

that in the time dependence of amplitude and this is qualitatively 
consistent with Fomin's theory [see (3.35) and (3.36)]. In fact, the 
phasing out of homogeneous precession results in the formation of a 
texture and, simultaneously, in a diffusive relaxation of magnetiza- 
tion. Either of these effects must reduce the frequency shift relative 
to the equilibrium value. Alternatively, the change in frequency 
shift must lag behind the phasing out because of a decrease in the 
total magnetization. 

The good agreement between the experimental results given above 
and the theory shows that the homogeneous precession in 3 He-A is 
unstable and decays into large amplitude spin waves, as was predict- 
ed by Fomin. Accordingly, the longitudinal relaxation of the spa- 
tially inhomogeneous 3 He-A should speed up at the expense of spin 
diffusion. In this way the enigma of fast relaxation in 3 He-A has 
been unravelled. 
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3.4. A TEXTURE TRANSITION IN 3 He-B INDUCED 

BY A RADIO FREQUENCY FIELD 

3.4.1. Threshold Effect in Pulsed 3 He-B NMR 

The superfluid 3 He ordering parameter near the chamber 
walls is very distorted, at least, for distances of the order of a coherent 
wavelength. In other words, the properties of 3 He near the surf ace can 
substantially differ from those in the bulk. The influence of the di- 
stortion in the ordering parameter in the layer near the wall on the 
3 He can be described by means of a surface energy that orientates 
the vectors of the ordering parameter. 
For 3 He-B, this energy has the form [3.4]: 

F=-/[N-A(9, n)H] 2 -fc[(Nn)2-A.( Nn )4j (3.45) 

where N is the normal to surface and R (8, n) is the matrix of rota- 
tion through an angle 9 about the n axis. In the region of fields great- 
er than 50 Oe, the main contribution to the energy is made by the 
first term. When magnetic field lies on the surface plane, viz. N 
J_H, the n vector is rotated relative to the field direction through the 
angle |5 = arc cos (1/1^5) ~ 63°, and relative to N through ~ 60°. 
Alternatively, the magnetic anisotropy energy far from walls 

F = a (nH) 2 (3.46) 

will tend to orientate 11 parallel to H. 

The change in the orientation of the n vector away from a wall 
is governed both by this energy and by that inhibiting the forma- 
tion of an ordering parameter gradient, viz. the bending of the 
ordering parameter. As a result a spatial distribution of the n vector, 
viz. a "texture", becomes established. The n vector direction 
changes over a distance called the magnetic length and equal for 
3 He-B to 

R H « iO/H (cm) (3.47) 

If the 3 He occupies a volume between parallel plates spaced 
a distance much smaller than R H , then the n distribution between 
the plates will be homogeneous and the direction of n will only 
be governed by the surface energy given by (3.45). In particular, 
when N _L H, the n vector will be inclined by 63° from H throughout 
the volume. This is why the transverse NMR frequency is also shifted 
with respect to that of the Larmor frequency and is equal to 

0)2 = 1 tfH* + Qfe) + [1 ( 7 2#2 + Qg)2 _ 7 2#2Q2 cog2 p j ^ ( g ^ 

where Q B is the longitudinal resonance frequency in 3 He-B. 
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Ahonen et al. [3.26, 27] used steady-state NMR on a chamber 
filled with 3 He and between parallel plates with the interplate 
spacing smaller than R H , and external magnetic field directed 
parallel or inclined to their surfaces. The NMR frequency was 
proved to be shifted with respect to the Larmor one, in a good agree- 
ment with (3.48). This corresponds to a magnetization vector preces- 
sion provided that its deviation from equilibrium is small. 

The problem becomes drastically more complicated if we consider 
system's behavior for large |3's. Here the Zeeman magnetic energy 
may be much larger than the surface energy, viz. (3.45). The results 
of investigations of the induction signals in 3 He between parallel 
plates for different P's are presented in [3.28]. 

This investigation was stimulated by the need to apply pulsed 
NMR techniques to the study of the n vector texture in a rotating 
3 He [3.29-30] and took place within the framework of the joint 
Soviet-Finnish project ROTA. When a rotation chamber full of 
3 He-B is accelerated or slowed strong countercurrent flows of 
normal and superfluid components arise which also orientate the n 
vector. However, this nonequilibrium situation lasts less than 
1 minute. During this period an NMR spectrum within a broad 
range of fields is not registerable. In order to take a snap photograph 
of the frequency distribution in the chamber, we wanted to use 
the induction signal's Fourier transform after system had been 
excited by an RF pulse. However, it was first necessary to look 
into the behavior of n vector texture under pulsed NMR. 

The experiments were carried out in the lower experimental cham- 
ber shown in Fig. 3.7 at an NMR frequency of 500 kHz with a mag- 
netic field of about 154 Oe. In this field R H ~ 1 mm, viz. it is 
possible to assume that the n vector texture is homogeneous between 
the plates, and prior to a perturbation the n vector is everywhere at 
an angle fi = 63° to the magnetic field's direction. The RF circuit 
in the setup used was similar to the one described in Sec. 3.3, except 
that the RF field's amplitude in the coil was limited to 2 Oe. Thus 
the value of P induced by the RF pulse was changed by varying the 
exciting signal's pulse length. 

The induction signal after the RF pulse was recorded by a Data- 
lab-905 digital memory unit, with both the induction signal's fre- 
quency and amplitude being measured. The induction signal turned 
out to have a threshold, the signal being undetected for shorter 
RF pulses. For RF pulses longer than 25 [is (this corresponding to 
a p =50° in normal 3 He), along induction signal was produced whose 
decay time was dependent mainly on the external field inhomogene- 
ity and great exceeded the pick-up system's deadtime (~200 |is 
in our case). Increasing the RF pulse length led to an increase in 
the induction signal's intensity and then the signal began to oscil- 
late (Fig. 3.19). The induction signal's frequency proved always 
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Fig. 3.20. Induction signal intensity versus RF pulse length at 
T = 0.55 T c and for RF field frequencies of 500 kHz (O), 540 kHz (X), and 
550 kHz (#). 
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to be the Larmor frequency and changed in accordance with varia- 
tions in the external field. The induction signal amplitude strongly 
depends on the pulsed RF field frequency. The RF frequency co 
for which there is an optimum induction signal satisfies the condi- 
tion 

(o ± > co > yH, 

where co 1 is the frequency of the steady-state NMR signal within 
the given geometry. Fig. 3.20 shows how the induction signal's 
intensity depended on the RF pulse length for RF field frequen- 
cies of 550 kHz which corresponds to the a) ± value at the given tem- 
perature, 500 kHz, which is the Larmor frequency, and 540 kHz, 
for which the induction signal is at a maximum at the given temper- 
ature. The RF field frequency corresponding to the induction 
signal's maximum varied between 550 and 530 kHz in a field of 
154 Oe, when the temperature ranged from 0.5 T c to 0.7 T c . That 
the pulse threshold length is independent of the RF field frequency 
is important. Figure 3.19 demonstrates the dependence of the induc- 
tion signal's intensity on RF signal's pulse length for the optimum 
RF frequency at the temperatures of 0.61 T c and 0.49 T c . This 
plot demonstrates that the threshold pulse length is independent 
of temperature. 



3.4.2. A Texture Transition in 3 He-B 

Following Golo et al. [3.31], we shall analyze the order- 
ing parameter's motion in 3 He-B under experimental conditions 
in the frame of reference composed of the coordinates 6, H (S — H), 
and Hn. The solid lines in Fig. 3.21 indicate the positions in this 
frame of the ordering parameter corresponding to the stable station- 
ary solutions of the Leggett equations for 3 He-B [3.32-33]. In 
these positions the motion of magnetization vector is simple and 
periodic. However if the ordering parameter that results from, say, 
an RF field pulse, should fall outside the stationary solutions, it 
must return to them due to the fast relaxation. The lines ACB and 
A'C'B' correspond to the oscillation mode described by Brinkman 
and Smith [3.34] which originate in 3 He given an open geometry, 
when the magnetization vector is deviated through the angle |3 up 
to 104°. The 3 He-B precession frequency for this mode is the Larmor 
frequency. The lines AOB and A'O'B' correspond to the static 
position of the ordering parameter given parallel geometry. Accord- 
ingly, the precession frequency S near this position is described 
by (3.48). Finally, OO' and CC correspond to the WP mode and 
to the magnetization vector's precession in the open 3 He volume 
for P > 104°. 
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The motion of the ordering parameter induced by the RF field 
was analyzed by computer [3.31], since under experimental condi- 
tions the Q B /(o was too small for asymptotic methods to be applied. 
Numerical solutions of the Leggett-Takagi equations demonstrated 
that under an RF field the ordering parameter moves along the 
trajectory KL (K'L') shown schematically in Fig. 3.21. When the 




Fig. 3.21, Diagram showing stable branches of the stationary 
solutions of the Leggett-Takagi equations and the trajectories of a spin system. 

RF field is switched off, the ordering parameter either returns quick- 
ly into the state corresponding to parallel geometry (L'M) or else 
exits to the Brinkman-Smith mode. According to these numerical 
calculations, the threshold pulse length at which the transition 
occurs from the relaxation into the static position to the relaxation 
into the Brinkman-Smith mode would be to 22 (is under experimental 
conditions, and this is in a good agreement with the experimental 
results for the threshold length of induction signal's formation 
period. 

Thus, about 200 (xs after an RF pulse longer than the threshold 
one, the ordering parameter turns out to be in the Brinkman-Smith 
mode. This means that the n and S vectors both precess with the 
same (Larmor) frequency, as they do in an open geometry. By con- 
trast, with a shorter RF pulse, the ordering parameter relaxes into 
a state corresponding to a parallel plate geometry. In so doing, if 
the initial conditions for the 3 He in different chamber sections are 
dispersed, the ordering parameter will follow slightly different 
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trajectories. Since the precession frequency far from the Brinkman- 
Smith mode is strongly dependent on the position of the ordering 
parameter, the induction signals from different parts of the sample 
will be phased-out. Probably, this is why an induction signal is 
not observed when the ordering parameter moves along the L'M 
trajectory. 

3.4.3. Studies of the Brinkman-Smith Relaxation Mode 
with Parallel Plate Geometry 

According to the Leggett-Takagi equations, the ordering 
parameter having relaxed into the point N in the Brinkman-Smith 
mode then relax no further. Quite naturally, in reality relaxation 
does occur, and this was investigated by us [3.35]. 

After a delay time with respect to the first RF pulse, a second 
RF pulse was applied. Figure 3.22 shows an oscillogram of the beats 




5 10 m s 

Fig. 3.22. The beat pattern between the induction signal at the 
Larmor frequency and the sampling frequency of the Datalab-905 memory unit 
after two exciting pulses 45 jus (t = 0) and 8 u.s (t = 5 ms) long. 

between the induction signal and the sampling frequency of the 
Datalab-905 memory unit. When the first RF pulse was 45 jis long 
and the second 8 \is long, the delay time between the pulses amount- 
ed to 5 |xs. Clearly there is an induction signal following the second, 
short RF pulse. Figure 3.23 shows the intensity of the induction 
signal versus the second pulse's length; delays between the 
first pulse (45 \is long) and second pulse were 10 ms, 20 ms, and 2 s. 
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The formation of an induction 
signal with a short second RF 
pulse is logically due to a frac- 
tion of the 3 He being in the 
80C T A * 20 Brinkman-Smith mode at the mo- 

ment the second pulse is applied. 
In fact, the 3 He's ordering para- 
meter is displaced along the 
Brinkman-Smith oscillation mode 
eoo[- ] x X \ by the RF field. Therefore, thre- 

shold effects are absent for this 
3 He fraction and in the limit of 
short RF pulses the induction 
signal represents a linear system's 
response to an RF pulse input. 
400 1~ * \ Consequently, if we accept the 

above hypothesis that an induc- 
tion signal is formed within the 
range of short RF pulses, then 
by measuring the dependence of 
200 L / / \ the induction signal's intensity 

on the delay time between pulses, 
it will be possible to estimate the 
3 He relaxation in the Brinkman- 
Smith oscillation mode. The in- 
duction signal's intensity within 
a small duration of the second 
pulse depends on both the delay 
Fig 3 23. The induction time and the first pulse length, 
signal's intensity after the second pulse . Figure 3.24 shows the induction 
versus the length of the second pulse signal's intensity after the second 
for the delay between pulses: 10 ms (+), pulse (8 fis long) versus the delay 
20 ms (X), and 2 s (#). time between the pulses for first 

pulse length's of 35, 45, and 60 
(lis. The experimental points were 
obtained by averaging over 5-10 experiments. It is clearly seen that 
under experimental conditions the induction signal's intensity 
depends exponentially on the delay time. Therefore, the exponential 
index is a function of the first pulse length. When the first pulse is 
45 \xs long, viz. when the magnetization vector S and n vector de- 
viate most strongly from the external magnetic field direction 
due to the RF field of the first pulse, the 3 He relaxation in the 
Brinkman-Smith mode proceeds relatively slowly. With first RF 
pulse lengths of 35 and 60 \is, viz. when the ordering parameter 
falls within the region of small deviations of n and S from the 
H direction, the 3 He leaves the Brinkman-Smith mode much fast- 
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er. We can conclude from this that the 3 He relaxation is in- 
homogeneous. 

In fact, with a homogeneous relaxation of the ordering para- 
meter, the amount of 3 He in the Brinkman-Smith mode were con- 
stant as long as the motion followed the curve NB, and then 
it would fall drastically. The experimentally smaller amount 
of 3 He in the Brinkman-Smith mode suggests that probably 3 He 
"droplets" form which have a static configuration, and that these 
droplets gradually grow in size, growing the faster, the smaller 
the Zeeman energy stored in 3 He. 

Thus, a powerful RF pulse transforms the 3 He-B texture in paral- 
lel plate geometry into a configuration corresponding to open geo- 
metry. Restoring the equilibrium texture proceeds inhomo- 
geneously. 
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Fig. 3.24. The induction signal's intensity after a second pulse 
(8 [is long) versus the interpulse delay time for the following first pulse 
lengths: 35 \is (+), 45 u.s (#), and 60 u.s (Q)« 



3.5. CONCLUSION 

More than a decade has elapsed since the discovery of 
3 He superfluidity, yet the properties of 3 He-A and 3 He-B are so com- 
plicated and yet so interesting that this problem will supply conun- 



172 Yu. M. Bun'kov 



drums for many more years to come. The efforts of experimental 
physicists are also demanded by such problems as the magnetic 
ordering of solid 3 He and the superfluidity of 3 He in solution with 
4 He as well as by the many other solid state problems. Consequently, 
the prospects for fundamental research in the domain of ultralow 
temperatures are very broad at present. 

To summarize, I would like to express my profound gratitude 
to the participants in the joint experimental venture at the nuclear 
demagnetization installation of the IPP of the USSR Academy of 
Sciences and primarily to our supervisor A. S. Borovik-Romanov 
as well as to V. V. Dmitriev and Yu. M. Mukharskii. Our group 
engineer S. M. Elagin was a great help in the installation and servic- 
ing of the apparatus. The experiments were substantially speeded 
up by the theoretical works of I. A. Fomin, V. L. Golo, and 
A. A. Lehmann. 
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Table 4.1. Physical Properties of Beryllium 



Lattice constants at K 


c = 3.5814 A 




a = 2.2828 k 


Elementary cell volume 


Q = 1.6162 XlO- 23 cm 3 


Brillouin zone dimensions 


rA = 0.878xl08 cm" 1 




rK = 1.832 X 10 8 cm- 1 


Radius of free electron sphere 


k F = 1.942x 108 cm- 1 


Some parameters of Fermi surface: 


"coronet" neck diameter 


k zm = 3.59 XlO 6 cm" 1 


frequency*) for H || [lTlO] 


Y = 0.110 MGs 


effective mass 


m y = —0.0212 m 



frequencies 
effective masses 



Extremum "cigar" cross sections for H||[0001] 

a 1 = 9.42 MGs 
a 2 = 9.72 MGs 



ma 1 = 0.168 m 
m a 2 = 0.l70 m 



*) The case in point is magnetic frequencies (i MGs = 10 6 Gs). 



pockets in the third zone (Fig. 4.1). The volumes of the hole and 
the two electron sheets are the same, viz. beryllium is a compen- 
sated metal. 

The metallic beryllium has a relatively small number of carriers 
in the conduction zone and hence a low density of states at the 
Fermi level [4.11]. Its Debye temperature by contrast is very high 
and amounts to 1480°C [4.15]. As a result of the low density of 
states and of the high Debye temperature, quantum effects in beryl- 
lium are more pronounced than in most other metals, and besides 
they appear at higher temperatures. This feature makes beryllium 
a good substance for investigating the effects caused by CMB. 

The MB in beryllium was discovered as a result of measurements 
of the magnetoresistance of single crystals in pulsed magnetic 
fields up to 150 kOe [4.16]*. An abrupt change in the field depen- 
dence of the resistance was observed for H || [0001] in 50 kOe. 
Further investigations in stationary magnetic fields made it pos- 
sible to establish the coherent character of the MB in beryllium. 



* There was a mistake in determination of the directions of the 

open trajectories induced by the MB in [4.16]. 
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The first prominent manifestation of CMB in beryllium to be 
noticed was the observation of giant oscillations in the resistance 
of a binary sample as it depends on field strength for H || [0001] 



[0001J 




H 



Fig. 4.1. The Fermi surface of beryllium. The numbers indicate 
the extremum "cigar" cross sections for H || [0001]: 1— the central cross section, 
2— a noncentral cross section. 




Fig. 4.2. The resistance of a binary [1010] beryllium sample ver- 
sus magnetic field strength for H || [0001] at 1.9 K. 

[4.17]. This behaviour was observed at T = 1.9 K for a sample with 
the |[1010] orientation having the residual resistance ratio 
RRR = 400. It is depicted in Fig. 4.2. The quadratic rise of resist- 
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Experimental Investigations 

of Coherent Magnetic Breakdown 



N. E. AlekseeVSkU, Assoc. Mem. USSR Acad. Sc., and 
V. I. NizhankoVSkU, Cand. Sc. (Phys. and Math.) 



4.1. 



INTRODUCTION 



As is known, thermodynamic and kinetic characteristics of elec- 
trons in a metal in magnetic field are determined by the topology 
of the Fermi surface (FS) of the metal. The FS's of most metals 
(excluding the alkaline and noble ones) consist of several sheets. 
It was at first assumed that both the sizes of individual FS sheets 
and the intersheet spacings are sufficiently large, amounting to ila 
(where a is the metal's lattice constant). The motion of electrons 
across a given FS sheet is then wholly independent of any electron 
movements across an adjacent sheet, whereas the thermodynamic 
and kinetic coefficients are determined by simply summing the 
contributions from individual sheets of FS. 

Thus, if all FS sheets are closed and n e n h (n e and n h being 
the numbers of electrons and holes, respectively), then the metal's 
electrical resistance should be saturated with increasing a magnetic 
field. However if n e = n h , then there should be an unlimited growth 
in the magnetoresistance. 

A quadratic growth of magnetoresistance should also be observed 
when the electron trajectories are open for a given direction of the 
magnetic field H and this naturally is only possible on open FS 
sheets. 

These results were presented in 1956-1958 in theoretical papers 
by Lifshitz, Azbel', Kaganov, and Peschanskii [4.1, 2] and they 
were in a good agreement with experimental data [4.3, 4]. 

However, starting in 1961, changes in the behaviour of the kinetic 
and thermodynamic coefficients in the increasing magnetic field 
were discovered in a number of metals*. 

These changes proved to be due to quantum tunnelling transi- 
tions of electrons between individual FS sheets in regions of It- 
space where the interzonal energy gaps Ae's are small and the 
electron trajectories pertaining to adjacent FS sheets^approach each 
other. This phenomenon was called "magnetic breakdown" (MB) 
[4.6]. The investigations of the last few years demonstrated that 
magnetic breakdown is a widespread phenomenon because of the 
smallness of the pseudopotential in many metals. It has now been 
detected in about half of all metals, and in many alloys and com- 
pounds. 



The first observation may actually have been made in 1955 [4.5]. 
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The influence of MB on the dynamics of conduction electrons is 
governed by the dependence of MB probability on magnetic field, 
W = exp ( — HJH), where H is the breakdown field [4.7]: 

^ _ 2m*c (Ae) 2 
°~~ eh ejf 

The MB probability rises with magnetic field strength, and this 
rise leads to a change in connectivity of some of the electron trajec- 
tories. Hence open electron trajectories may be formed from closed 
ones and vice versa. A change in the relation between n e and n h 
(compensation ratio) is also possible. As a result, metal kinetic 
characteristics are changed in a radical way. 

Under MB conditions, the kinetic phenomena in a metal are 
unusually sensitive to imperfections in the crystalline structure. 
If the electrons are scattered from impurities and dislocations more 
frequently than they undergo interzonal MB transitions, then an 
electron can be thought of as a classical particle realizing a randomly 
moving (in Brownian motion) along a net of paired MB orbits. 
This approach to describing the kinetic characteristics of a metal 
under MB conditions was called stochastic [4.8]. 

However if MB transitions are much more frequently than scat- 
tering from impurities and dislocations, then the resulting kinetic 
characteristics of metals are governed by the quantum interference 
between the wave functions of the electrons undergoing multiple 
scattering from MB centers. The kinetic phenomena in metals in 
this, a coherent magnetic breakdown (CMB), become substantially 
more complex and interesting. The theory of CMB was developed 
by Slutskin [4.9]. 

We wish now to review some of the experimental data produced 
when studying MB in beryllium, aluminium, niobium, and the 
dioxide Ru0 2 . This choice of materials to be investigated was not 
accidental . On one hand , they represent the large classes of substances , 
which differ both in type (simple and transition metals, and 
compounds) and structure (hexagonal, tetragonal, cubic and face 
and body centered), in which MB has been observed. On the other 
hand, the phase-coherent features of MB are most clearcut in these 
objects. 

4.2. BERYLLIUM 

Beryllium is crystallized into a hexagonal, close-packed 
structure with cla = 1.57 which is somewhat less than the ideal 
(see Table 4.1). The beryllium FS was determined as a result of 
both zone structure calculations [4.10-12] and measurements of the 
de Haas-van Alphen effect [4.13, 14]. It consists of a coronet-like 
hole sheet in the second zone and two identical cigar-like electron 
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ance in low fields which is characteristic of the compensated metals 
with a closed FS, is replaced at H = 30 kOe by a trend to saturation 
followed by resistance oscillations with a relative amplitude of 
approximately unity. 

This unusual behaviour can be explained in the following way 
[4.18]. The hole "coronet" is separated from the electron "cigars" 
by a small interzonal gap and when the magnetic field is high enough 
electrons can tunnel across the gap with the result that the central 
layer electrons become able to move round the two-dimensional 
net of the coupled MB orbits. The thickness of this decompensating 
layer is limited by the diameter of the "coronet" necks (Fig. 4.1). 
As the result of the phase coherency conservation the magnetic 
breakdown effective probability W eti will oscillate as magnetic 
field is changed, the frequency F of the oscillations being deter- 
mined by the conventional quantization rule of orbit around the 
"cigar". Consequently, the magnetoresistance saturation is caused 
by the MB decompensation, whereas the oscillations in it are due 
to the oscillations in W eit . 

MB is a purely quantum phenomenon and because the electron 
wave function is usually governed by two parameters, viz. the 
amplitude and phase, two problems emerge. The first is to find out 
how the amplitude of the electron wave function varies during MB. 
This reduces to the determination of the breakdown field strength 
H . This does not impose any stringent requirement on the quality 
of the samples to be studied. 

By contrast, in order to solve the second problem, viz. the eluci- 
dation of the phase-coherent effects, the extremely perfect crystals 
are needed because any scattering changes the phase of the electron 
wave function. The observation of the phase-coherent effects of MB 
in beryllium proved to be feasible due to its unique physical pro- 
perties. 

The breakdown iield in beryllium was determined from the field 
dependence of the amplitude of the de Haas-van Alphen effect 
[4.19] and from measurements oi" the Hall effect [4.20]. 

Under MB conditions an electron is able to move in new orbits, 
whereas the probability of moving in the old ones is duly reduced. 
Because of this the problem of finding out how MB influences the 
de Haas-van Alphen effect reduces to a determination of the proba- 
bility amplitude for turning the given orbit by electrons [4.21 L 
Since an electron must "abstain" from MB thrice per revolution r 
as it turns the central cross section of a "cigar", the extra multiplier 
in the de Haas-van Alphen amplitude will be (1 — W) z ' 2 . 

In order to find out H [4.19] the de Haas-van Alphen effect in 
beryllium was measured in pulsed magnetic fields up to 150 kOe 
by a nonresonance technique with two samples having the RRR's 
of 130 and 1400. The signals from the three extremum cross sections 
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of the "cigars", viz. the central one, which is influenced by MB, 
and two identical cross sections located below and above the central 
one, which are not influenced by MB were fixed simultaneously. 
The results are shown in Fig. 4.3 in traditional coordinates. In low 
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Fig. 4.3. The amplitude of the de Hass-van Alphen effect in be- 
ryllium versus the reciprocal of the magnetic field strength for H || [0001]. A — 
the signal from "cigar" central cross section: B— the signal from noncentral cross 
sections. The indices I and II pertain to the samples with RRR = 13C and 
1400, respectively. Dashed lines describe the theoretical dependences for H = 
= 130 kOe. 

fields the slopes of all the dependences are about the same, but 
as the field increases the de Haas-van Alphen effect amplitude from 
the central cross section begins to grow more slowly. This is due 
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to the leakage of electrons from central orbit caused by MB. The 
breakdown field in beryllium H = 130 kOe was determined by 
fitting the experimental data. 

A study of MB influence on the diagonal and nondiagonal ele- 
ments of beryllium magnetoresistance tensor was performed in 
[4.20]. In mounting the sample special attention was concentrated 
on obtaining a uniform distribution of the current over the sample 
cross section, and so each current lead was consisted of several wires 




Fig. 4.4. Mounting of the sample with dimensions 0.3 X 0.8 X 
X 5.0 mm for the measurement of the Hall effect in beryllium. Current and po- 
tential leads from copper wire are welded on by means of a pulsed laser. 



which served to level off the resistances (Fig. 4.4). The elements of 
the conductivity tensor were calculated by inverting the resistance 
tensor. In Fig. 4.5 the dependences of the monotonic components o xx 
and G yy on magnetic field is presented. An abrupt change in o xy 
at H = 30 kOe is due to MB decompensation. The way the a xy 
varies due to MB has been theoretically calculated within the frame- 
work of a stochastic model (by neglecting phase coherency in large 
orbits) in [4.22]. Since, according to [4.23], the influence of the 
coherency effects on a xy should be small, the use of the stochastic 
approach to calculate the increment Ao xy is quite admissible. 
It proved to be more convenient when processing experimental 
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data to use MB decompensation* An rather than the increment 
A<J xy by employing the well-known relationship Ao xy = A neclH. 
As we noted above, the MB layer thickness in beryllium was limited 
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Fig. 4.5. The magnitude of elements of the conductivity tensor 
for beryllium versus the magnetic field. In low fields, a xx ~ // _1 . B5 , a xy ~ H~ 2 . 
The MB has a pronounced effect for H ^ 25 kOe. 



by the diameter of the "coronet" necks k zm , therefore as W ^ 1 
the decompensation will be (A^w^ = Sk zm /4n s , where S is the 
Brillouin zone cross section area (a substitution of numerical values 
yields (An) W -*i = 0.96 X 10 21 cm" 3 ). A comparison of the experi- 



An = ^3 j«tt 2 [S e (k zy e F ) - S h (k z , e F )] = ± (V e - V h ), 

where S e and £ h are the cross section areas of FS electron and hole sheets, while 
V e and F h are, respectively, their volumes. 
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mental dependence of the normalized MB decompensation 
An/i&nhv^ on magnetic field and the theoretical curves for differ- 
ent values of the breakdown field H is illustrated in Fig. 4.6. 
This figure shows that the behaviour of Aa™ is well described by 
the stochastic model, while H = (110 ± 10) kOe. 

The situation is different for the diagonal elements p xx and o xx . 
If we estimate a feasible increment Aa xx due to MB within the 
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Fig. 4.6. The normalized MB decompensation for beryllium ver- 
sus the magnetic field. Dashed lines are the theoretical curves for different val- 
ues of the breakdown field t—H = 30 kOe; 2— H = 100 kOe; 3— H = 
= 120 kOe; 4-# = 200 kOe- 



framework of stochastic model [4.22], then for H = 80 kOe we ob- 
tain Aa^ och ~ 5.5 X lO^-^cm- 1 , which is almost an order of 
magnitude smaller than the experimentally observed value of 
Aa xx ~ 3 X lO^-^cm- 1 (Fig. 4.5). This is because the stochastic 
theory cannot take into account the quantum current states which 
are peculiar to the GMB theory [4.23] and whose contribution to the 
diagonal elements of the conductivity and resistivity tensors is 
decisive. For the same initial conditions the CMB theory provides 
a much more significant increment, Aag* = 3.6 X lC^Q^cm- 1 , 
which practically matches experiment. Note that neglecting the 
quantum current states brought the authors of [4.24] to an erroneous 
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conclusion. They found the breakdown field in beryllium by fitting 
monotonic part of p** to the dependence provided by stochastic 
theory, the result being H = 30 kOe. Experimental data on MB 
decompensation disprove this result. 

Thus, bringing in the notions of the CMB theory is necessary 
even to describe the behavior of the monotonic components of o xx 



P 




Fig. 4.7. Envelopes of the MB oscillations of beryllium resistiv- 
ity. The letters A and B denote the theoretical envelopes of oscillations accord- 
ing to maxima and minima, respectively. For the A x and B x curves the ratio 
of the MB layer thickness to the diameter of the "coronet" neck, y = 1, for 
A % , B 2 curves y = 0.75, for A s , B a v = 0.5, for A A , B^y = 0.25. Experimental 
data are illustrated by the dashed line. 

and p xx , especially when considering the oscillating components. 
Thus, in Fig. 4.7 we see a comparison between an envelope of the 
MB oscillations of beryllium resistivity and the theoretical curves 
provided by CMB theory [4.18]. The best agreement with experiment 
occurs for theoretical envelopes with index 1 , which are constructed 
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assuming the MB layer thickness is equal to the diameter of the 
"coronet" necks k zm (for other envelopes they are smaller). 

An eye-catching phenomenon was detected when [investigating 
the MB influence on Hall effect in beryllium [4.20]. It was proved 
that p» x had an oscillating component whose amplitude is strongly 
dependent on the angle a between a hexagonal sample's axis and 
the magnetic field. The amplitude vanishes [at a = 0°, reaches 
a maximum at a = 2° and then falls off. Moreover, a phase shift 
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Fig. 4.8. Phase difference between the oscillations and p xx 
versus the angle a between the hexagonal axis of the sample and the magnetic 
field direction. Mean value of the magnetic field H = 85.6 kOe. Light and black 
circles show the data obtained when commuting magnetic field direction. 



between the p yx and p xx oscillations was observed and was found to 
be influenced by the angle a in a very complicated manner (see 
Fig. 4.8). The experimental data as a whole were successfully explained 
by the fact that a p yx signal measured forgot ^= was mainly 
due to a linear combination of the diagonal elements, and p^„, 
of the resistivity tensor [4.25], which contain giant amplitude 
oscillating components. The monotonic increase in the phase differ- 
ence between the p yx and p xx oscillations as a grew was ascribed 
to an increase in the phase difference between the and p yy oscil- 
lations. Since the frequencies of the latter are governed by the 
same extremum cross sections of a "cigar", the emergence, as such, 
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of a phase difference contradicts classical notions and is an impres- 
sive manifestation of phase-coherent MB effects in beryllium. 

Because of the significance of the phase difference between the 
p xx and p yy oscillations, it was necessary to determine this quantity 
directly [4.26]. To do this, an S-shaped sample (Fig. 4.9) was cut 
so that the p xx and p yy could be measured simultaneously. Signals 
proportional to p** and p yy were fed into the X and Y inputs of 




Fig. 4.9. Mounting of the sample for the simultaneous measure- 
ment of p xx and p yy . 

a XY-recorder. When the magnetic field was changed by somewhat 
more than the oscillation period, the recorded diagram was a curve- 
closely resembling an ellipse. From the parameters of the ellipses 
recorded for different angles a the values of the monotonic and oscil- 
lating signal components, p xx and p yy , and the phase difference 
between them can be determined. Some of the records are illustrated 
in Fig. 4.10. When the direction of the magnetic field was parallel to- 
the hexagonal sample's axis, the ellipse degenerated into a straight 
line segment, which demonstrates that the phases of the and 
oscillations coincide. For a =^= a phase difference 6 arises- 
between the oscillations that increases monotonically with a (e.g. in 
Fig. 4.10c the ellipse is close to a circle and the phase difference- 
is close to 90°). 
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These experiments give birth to the conclusion that whereas the 
MB oscillation period of beryllium's resistivity is governed by the 
extremum cross sections of the "cigars", their phase depends on the 
linkage-orbits over "coronets". In fact, at a = the circumferences 
of all the linkage-orbits are the same and the phases of the p xx and 
t p yy oscillations coincide. For a =^= the circumferences of the link- 
age-orbits in the X and Y directions are different and a phase differ- 
ence between oscillations is observed. The phase difference can 



(a) (b) 



Pxx 




Fig. 4.10. Records of p xx versus p yy for different angles a between 
i the hexagonal axis of an S-shaped sample and the magnetic field direction at 
H = 55 kOe: (a)— a = 0°, (&)— a = 0.7°, (c)— a = 1.75°, (d)— a = 2.1°. 

only arise when^electron wave function's phase does not change 
along the linkage-orbits in a random way, viz., when the MB in 
the beryllium is coherent. Conclusive evidence for this was obtained 
from measurements in the nonuniform magnetic field produced 
within a small gap between the pole pieces made from polycrystal- 
Jine dysprosium [4.26]. According to [4.23], due to the de Haas-van 
Alphen effect the nonuniform magnetic field produces a rapidly 
oscillating additional component of the magnetic field, which 
leads to chaotic variaitons in the electron wave function's phase, 
while for grad H/H > 10 - 1 cm -1 coherency must be violated. 
Experiments have demonstrated that in a nonuniform magnetic 
.field the phase difference between the p xx and oscillations disap- 
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pears whereas the oscillation amplitude is reduced to the value 
predicted by stochastic theory.* 

This interpretation enables us to explain in a somewhat different 
manner the low-frequency component of the MB oscillations of 
beryllium's resistivity, which is especially pronounced when tem- 
perature decreases (Fig. 4.2). 

It was suggested in [4.27] that the reason for the low-frequency 
component is the large value of the de Haas-van Alphen effect 
from noncentral extremum cross sections of a "cigar", this large 
value leading to the formation of diamagnetic domains for dMIdB > 
> 1/4ji. In this case gaps appear in the dependence of the induction 
inside the sample on the external field and the resistivity oscilla- 
tions entering the forbidden induction zones simply vanish. Since 
frequencies of the oscillations from the central and noncentral cross 
sections of the "cigar" differ by about 3%, the period of the low- 
frequency oscillations of magnetoresistance proves to be equal to 
33 times the period of the high-frequency oscillations. 

This explanation of the low-frequency component has a number 
of drawbacks. First, direct data [4.28] on magnetization oscilla- 
tions obtained on a very pure beryllium sample having RRR ~ 
^ 2 X 10 3 demonstrate that in a field of H = 20 kOe susceptibility 
reaches the critical value of 1/4ji at temperatures below 3 K. How- 
ever, the low-frequency component is also clearly seen at T = 4.2 K, 
even for samples having RRR c*. 100. Moreover, the low-frequency 
oscillation amplitude may be several fold larger than the high- 
frequency one (in the field of about 25 kOe in Fig. 4.2) which is 
practically independent of the sample shape. Second, it follows 
from model calculations of magnetoresistance oscillations in nonuni- 
form magnetic fields [4.27] that the high-frequency amplitude should 
be peak between the peaks and troughs of the low-frequency com- 
ponent. This conclusion contradicts experiment, since the high- 
frequency's amplitude peaks are always in the troughs of the low- 
frequency component. 

This discrepancy can be eliminated by taking into account the 
phase-coherency of the MB in beryllium and as a consequence the 
high sensitivity to magnetic field nonuniformity of the amplitude 
of resistivity oscillations due to MB. This high sensitivity is caused 
by the long circumference of the linkage-orbits over the "coronet", 
the conservation of phase coherency on which links being a neces- 
sary condition for the existence of GMB. Even a small irregularity 
in the induction arising well before the formation of the diamagnet- 



* Magnetic field inhoraogeneity was probably the main reason why 

oscillations in beryllium's resistivity could not be measured in a pulsed mag- 
netic field [4.16], 
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ic domains can reduce the magnetoresistance oscillation amplitude 
down to what is predicted by stochastic theory. Therefore, the 
magnetoresistance will have a maximum amplitude where the 
susceptibility oscillation amplitude is at a minimum. This condi- 
tion is satisfied in the troughs of the low-frequency component. 
In addition, since even the mono tonic part of p xx strongly depends 
on whether the breakdown is phase-coherent, the low-frequency 
oscillations observed at H = 25 kOe in the absence of the high-fre- 
quency ones can be treated as oscillations of the monotonic part of 
pxx between its coherent and stochastic values. 

Note that the existence of quantum current states ("quasiparti- 
cles" as termed by Pippard [4.29]) was rigorously proved in theory 
only for one-dimensional configurations. The case of two-dimensional 
nets (as in beryllium) involves considerable mathematical difficul- 
ties. The experimental data on the MB in beryllium is an indication 
of the applicability of quantum current states for two-dimensional 
nets too. 

An unexpected manifestation of the two-dimensional character 
of CMB in beryllium w r as detected by precise measurements of MB 
oscillation phase of resistivity and thermopower in terms of the 
angle between a sample's hexagonal axis and the direction of the 
magnetic field [4.30]. In order to improve the measurement accura- 
cy, the magnetic field was produced by a superconducting solenoid 
operating in the persistent current mode and measured using the 
NMR technique. To scan the field up to 1 kOe there an additional 
superconducting coil placed inside the main solenoid was used. 
In order to eliminate the influence of the magnetic field; frozen in 
the solenoid's windings, on the field uniformity, in each run the 
field distribution along the solenoid's axis was measured by NMR 
and the samples were placed in the region with the greatest uniform- 
ity. The initial position of a sample, H || [0001], was set using 
magnetoresistance extrema (a minimum during turning and a local 
maximum during inclination). 

Each record contained from 2 to 12 oscillations depending on 
the value of the main solenoid field. The measured signal, the cur- 
rent through the field scanning coil, and the voltage from the output 
of the lock-in amplifier in the circuit for detecting the NMR resonance 
were measured using digital voltmeters and the results were 
recorded on punched tape for processing by computer. The proces- 
sing yields the absolute magnetic field value, identifies the maxima 
and minima in the MB oscillations, produces a straight line cor- 
responding to the monotonic fraction of the measured resistance 
signal or thermopower, and determines the coordinates of the points 
where the measured oscillations intercept the straight line. The 
magnetic field at these points, viz. the zeros of the oscillations, 
were used in the subsequent calculations of phase and frequency of 
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the MB oscillations. All the measurements were made at T = 
= 4.2 K. 

The variation in the phase of the MB oscillation as the sample 
was turned around its longitudinal axis was also investigated in 
(4.30]. To do this, there one of the oscillation zeros was selected and 
the way its position depended on the angle a between the hexagonal 
axis of the sample and the magnetic field direction was recorded. 




Fig. 4.11. Angular dependences of the relative shift of the MB 
oscillation phases for beryllium: (a)— sample [1010], (6)— [1210]. A— H = 
= 23.43; # —35.25; Q —52.56 kOe. 



This turning leads to a change in the area of the extremum cross 
section of the FS sheet responsible for the oscillations (the "cigars" 
in the case of beryllium), and this yields the change in position of 
the oscillations, 8HIH = 8F/F. For small turns, 

T- = 7o7T- 1 "°- 5a2 (4.1) 
that is the following must be fulfilled: 

8HIH = cc 2 /2 (4 2) 

MiSvfi eX ? e fl^ n i tal 8H/H versus a2 P lots obt ained with the samples 
11010] and [1210] are presented in Fig. 4.11. The choice of the origin 
of the relative phase variation 6fl7# is generally speaking arbitrary. 
Ihe experimental 8H/H versus a 2 plots presented in Fi* 4 11 were 
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constructed so as to satisfy the relationship (4.2) for large a's. 
The validity of (4.2) for a > 3° follows from the results of direct 
measurements of F (a) [4.31]. 

It can be seen from Fig. 4.11 that relationship (4.2) is fulfilled 
for the sufficiently large angles between the direction of the magnet- 
ic field and the hexagonal axis. As magnetic field direction approaches 
the hexagonal axis, the results deviate from (4.2), the devia- 
tions being the larger the higher is the magnetic field. The angular 
range, within which the additional oscillation phase_shift can be 
observed, is somewhat different for the [1010] and [1210] samples, 
while the shift values at H || [0001] are the same. This means that 
P*x = pyy due to symmetry. 

The analysis in [4.30] demonstrated that the additional MB oscil- 
lation phase shift could be explained neither by an anomalous 
change iri frequency, nor by the Schoenberg effect. 

The two factors explaining this are the two-dimensionality of 
the MB trajectories at H || [0001] and the phase coherency of the 
MB in beryllium. The two-dimensionality of the MB net under the 
CMB conditions results in it being more sensitive to variations 
in the phases of the electron wave function than in the one-dimen- 
sional case of a linear chain of coupled MB orbits. In the latter 
case the role of phase indicator is only played by small closed FS 
cross sections, whereas the variations in the phases of the electron 
wave functions along linkage-orbits between them do not appear 
in the final expressions for oscillations of kinetic coefficients. This 
takes place because the wave functions can only interfere on closed 
orbits. In the two-dimensional case there is a net of intersecting 
orbits and in addition to the interference of wave functions on small 
closed FS cross sections they interfere on the linkage-orbits. This 
is what leads to the sensitivity of kinetic coefficients to small varia- 
tions in the phases of the wave functions. This variation emerges, 
for example, during an MB transition of carriers from one FS sheet 
to another. According to [4.32], the jump in the phase of the wave 
function during such a transition depends on the magnetic field's 
strength, and this may be associated with the observed field depend- 
ence of the MB oscillation phase shift. In principle, other reasons 
are possible resulting in small variations in the phase of the electron 
wave function. 

As has been noted above, we do not yet have a rigorous theory 
for CMB in the two-dimensional case. There is only an estimate of 
the range of magnetic field directions for which the influence of two- 
dimensionality cannot be neglected. According to [4.33], this range 
amounts to a ~ x 1 / 2 , where x = ehHIcpl is a parameter of quasi- 
classicality, and p the characteristic momentum. For beryllium 
this estimate at H = 50 kOe is a ~ 10" 2 rad, which is in a rea- 
sonable agreement with the experimental data in Fig. 4.11. 
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Thus, the experimental data from [4.30] indicates the two-dimen- 
sional character of CMB in beryllium. 

There are otheT experimental results which have no direct rela- 
tionship to studies of the MB phenomenon itself, but give an idea 
of using other methods of investigation and possibilities to gain 
new information. 

The uniqueness of beryllium as an object to investigate MB was 
reflected in the experimental results of [4.34], where it was shown 
that by increasing the temperature up to 78 K, the MB began to 
occur in lower fields than it does at 4.2 K. This phenomenon was 
called "thermal breakdown" and is related to the fact that owing 
to the high Debye temperature of beryllium the spread in the Fermi 
distribution, viz. the overlapping of electron wave functions within 
the MB regions, grows with temperature much faster than the in- 
crease in electron scattering by phonons. A theoretical analysis of 
this problem is given in [4.35]. 

Another paper [4.36] recorded observations of helicon resonances 
in a hexagonal plate in stationary and pulsed magnetic fields. Since 
the excitation of helicoidal waves is only possible when the numbers 
of electrons and holes are unequal [4.37], this method is especially 
suitable for studying MB decompensation in initially compensated 
metals. 

In [4.38] the influence of hydrostatic pressure on the MB in beryl- 
lium was investigated. It was proved that the kink in the field 
dependence of the monotonic part of resistivity due to MB was 
shifted with pressure towards lower fields, viz. the breakdown field 
#0 was decreased. Similar data can be used to get the differential 
characteristics of the pseudopotential. 

Finally, in [4.39] the MB in beryllium was applied to practical 
ends, namely, the oscillations of beryllium's magnetoresistance 
were used in the design of a device for measuring magnetic field 
and its nonuniformity, which can operate in gradients up to 
15 kOe/cm. 



4.3. ALUMINIUM 

Aluminium is a metal with the face-centered cubic 
lattice whose electron structure has now been investigated to high 
accuracies. The approximation of quasi-free electrons is quite satis- 
factorily in aluminium, while the slight difference between its FS 
and the free-electron one can be described by means of only two 
pseudopotential coefficients [4.40]. The match between aluminium's 
FS and experiment is illustrated in Fig. 4.12. The FS consists of 
a hole sheet in a second zone and three "fourfold rings" in the third 
one [4.41]. 
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Since the aluminium FS sheets are closed and the metal itself 
is uncompensated, we would anticipate its magnetoresistance will 
be saturated with field growth. All the same, magnetoresistance of 
even polycrystalline samples of aluminium began to rise again with 
field [4.42]*. Later and as a result of detailed measurements on 
single crystals, this uncommon behavior was explained as due to 
magnetic breakdown leading to the formation of open trajectories 




Fig. 4.12. The Fermi surface of aluminiumi The a, P, and y 
letters denote the extremum cross sections of the "fourfold ring" for H || [100]. 

within a very narrow interval of magnetic field direction near the 
four-order axes [4.43]. Here the decisive argument proved to be the 
detection of large amplitude oscillations in the magnetoresistance 
{Fig. 4.13). The oscillation frequency suggested that the MB in 
aluminium takes place at the vertices of Brillouin zone W via the 
small cross sections of the "fourfold ring" (the p-orbits). The charac- 
teristic breakdown field in aluminium is H ~ 40 kOe. A stereo- 
graphic projection of the open MB trajectories was constructed in 
[4.44]. This projection looks like a square with sides 1° long, from 
whose vertices emanate "whiskers" about 5° in length. 



* The unexpectedness of this result forced its validity to be ques- 

tioned evenjby Luthi and Olsen. 
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The oscillations in the magnetoresistance of aluminium indicated 
the presence of phase coherency for small p-orbits. Still, the question 
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Fig. 4.13. The MB oscillations of the resistance in aluminium. 
The magnetic field direction is deviated from the [100] axis through the angle 
of 0.4« 

of whether the phase coherency is conserved for large parts of the 
trajectories passing over the FS hole sheet remained open for a long 
time. The first corroboration of MB coherency in aluminium came 

13-092 
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as a result of a detailed investigation of the dependence of the mono- 
tonic part of magnetoresistance on vacancy concentration* C v [4.45]. 
The measurements were made on two aluminium samples with 
[100] orientations with a low density of dislocations about 10 5 cm- 2 . 
The initially high resistance ratio RRR = 2.5 X 10 4 was lowered 
down by an order of magnitude after introducing the vacancies 
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Fig. 4.14. The monotonic part of magnetoresistance of aluminium 
in the field of H = 50 kOe versus the vacancy concentration. The magnetic field 
direction is chosen at the boundary of a two-dimensional region of open MB 
trajectories. 

produced by quenching from high temperatures. The monotonic 
part of aluminium's magnetoresistance in the field of 50 kOe is 
plotted in Fig. 4.14 versus the vacancy concentration. The feature 
here is the presence of a minimum at C Y = 2 X 10~ 4 atom %. 

The minimum can be explained by the CMB model. The open 
MB trajectories yield a quadratic contribution to the magneto- 
resistance, p ~ WH 2 j^, where A/? is the MB layer thickness. The 

scattering from vacancies violates the phase coherency, which 
brings about a fall in the MB contribution in inverse proportion 
to C v . In addition we must take into account the presence of the 
conventional addend, which is proportional to C v , so that at the 
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end we arrive at p coh ~ AC^+^r WH 2 -? . Clearly, given a fixed 

magnetic field, the C y dependence of p coh should pass through a mi- 
nimum. 

By assuming from the very beginning that phase coherency is 
violated for large orbits, viz. by using the framework of stochastic 

MB model, we obtain p stoch ~ A'C Y + B'WH' ^ . In this case, 

Pf 

the C y dependence of p stoch has no minimum and the magnetoresist- 
ance itself is much smaller than it is using the coherent model, 
Indeed, the calculation in [4.43] used the stochastic model and 
yielded a magnetoresistance an order of magnitude lower than the 
value measured on very pure aluminium samples [4.45]. 

Thus, investigations of the monotonic part of aluminium's magne- 
toresistance and performed on the samples with different contents 
of point defects resulted in the conclusion that phase coherency is 
present for every segment of the MB trajectories. 

Another corroboration of the coherent character of the MB in 
aluminium was obtained in [4.44] when studying oscillatory effects, 
The authors were investigating the oscillations of the thermopower, 
its high sensitivity to MB had been pointed out in several papers, 
[4.46-48]. Widening the range of magnetic fields to 150 kOe and 
using the samples with RRR = 2 X 10 4 enabled oscillations with 
new frequencies to be detected. The examples of the experimental 
field dependences of aluminium's thermopower are presented in 
Fig. 4.15. In addition to the [5-orbit oscillations the record contains 
e- and v-oscillations too. The e-oscillations intermediate in frequency 
are discernible from H = 65 kOe, while the v-oscillations are 



Table 4.2. Physical Properties of Aluminium 



Lattice constant at K 


a = 4.032 A 


Elementary cell volume 


Q = 1.639 XlO" 28 cm* 


Brillouin zone dimensions 


TK = 1.653 x10 s cm~ l 




TX = 1.558 x10 s cm- 1 




TW= 1.742 x10 s cm- 1 


Radius of free electron sphere 


/c F = 1.757 X 10 8 cm" 1 


Parameters of extremum cross sections of the 


"fourfold ring" for H||[100]: 


frequencies 


a = 0.282 MGs 




P = 0.468 MGs 




7 = 3.914 MGs 


effective masses 


m a = 0.091 m 




m p = 0.102 m 




m Y = 0.180 m 



13* 
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only seen for H > 120 kOe. The effective masses of carriers respon- 
sible for the P- and v-oscillations were evaluated from temperature 
dependences, viz. ~ 0.1 m, m v ~ 0.45 m. This could not 
be done for the e-oscillations because a drop in temperature to 2.4 K 
was not accompanied by any noticeable change in their amplitude. 
An analysis of the possible MB trajectories enabled the v-oscilla- 

SX10 6 , v/K 




130 135 

H.kOe 



Fig. 4.15. MB oscillations of the thermopower in aluminium. 
The insets illustrate the sample positions at the instant of recording. 
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tions to be ascribed to an extreme orbit along one of the "fourfold 
ring" branches. This conclusion was also supported by a trustworthy 
value of effective mass (see Table 2). 

The case of the e-oscillations is more complicated. MB orbits 
with the required cross section could not be found and so it was 
assumed that the e-oscillations were due to interference, this being 
why they are absent in the oscillations of thermodynamic quantities 
and have weak temperature dependences [4.49]. 

However, this conclusion must be treated with caution. The 
point is that the shape of these oscillations are markedly not sinu- 
soidal, while their frequency is suspiciously close to that of the 
transverse extreme cross section of the "fourfold ring" branch (the 
y-branch in the de Haas-van Alphen effect [4.50]). Moreover, these 
oscillations are observed in the range of fields, for which the [3-oscil- 
lations are too nonsinusoidal. To explain the last point, the authors 
of [4.44] resorted to the Schoenberg effect [4.51] claiming that, under 
the conditions favourable for a strong de Haas-van Alphen effect, 
the internal field in a sample might be quite different from the 
applied magnetic field. This idea may prove useful in explaining 
the e-oscillations, too. In fact, direct measurements [4.50] have 
shown that the main part of oscillatory magnetization comes from 
Y-orbits, so it is rather probable that in rising magnetic field the 
sample will laminate in dia magnetic domains with the frequency y. 
The magnetization and thermopower signal are at maxi- 
mum within the magnetic field intervals for which the diamagnetic 
domains are not established, whereas within the intervals for which 
the diamagnetic domains do exist, the induction in the sample is 
nonuniform and the thermopower signal falls (practically to zero— 
see Fig. 4.156). That is segments of nonuniform magnetization are 
"cut" from the field dependence of thermopower. The domain struc- 
ture period has to be of the order of the cyclotron radius r# of the 
electrons responsible for the period [4.52]. In this case <C r y H <C 
<C ffl, and the emergence of a domain structure need not necessarily 
end in the violation of phase coherency for |3-orbits, but it may 
completely liquidate the phase coherency for v-orbits and the link- 
age-orbits across the hole sheet in the second zone of aluminium 
FS. Therefore, even though the period of the giant oscillations in 
both magnetoresistance and thermopower is governed by the |3-sec- 
tion of the "fourfold ring" the absolute value of the oscillations 
depends considerably on whether the phase coherency is conserved 
for linkage orbits. If the phase coherency is not conserved, the 
oscillations practically vanish*. 

* The destruction of phase coherency in nonuniform magnetic field 

was observed in experimental investigations of beryllium's resistance MB oscil- 
lations [4.26] (see pp. 186-187). 
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This interpretation leads to two conclusions. First, only CMB 
can be that sensitive to irregularities in the magnetic induction 
and this implies that the MB in aluminium is coherent, and second, 
there is a good argument in favor of a correlation between large 
thermopower signals and CMB. 

4.4. NIOBIUM 

The interest in the electron structure of VB transition 
metals with cubic body-centered lattice was provoked by their 
high transition temperatures to the superconducting state besides 
general physical reasons. In particular, niobium is the record holder 
in Periodic Table having a r c = 9.25 K at normal pressure [4.53]. 
However, following the detection in it of the MB [4.54] which occurs 
through a spin-orbital gap, it becomes clear that it might be pos- 
sible to obtain information about the spin-orbital interactions in 
transition metals, about the way the interaction depends on atomic 
number, and about the impact on crystalline lattice symmetry. 
The study of the MB in transition metals is thus of special signifi- 
cance. In addition, the coherent effects are often accompanied by 
oscillations of the kinetic coefficients, thus yielding additional 
important information on the topology of FS. 

The Fermi surface of niobium (Fig. 4.16) has been investigated 
in a number of theoretical [4.55-58] and experimental [4.59-63] 
papers. It consists of a hole "octahedron" inside the second zone as 
well as hole ellipsoids and an open multiply connected surface 
("jungle gym") in the third one (Table 4.3). The "octahedron" is 



Table 4.3. Physical Properties of Niobium 



Lattice constant 


a = 3.295 A 


Elementary cell volume 


Q = 1.789 xlO" 23 cm 3 


Brillouin zone dimensions 


TH = 1.907 x10 s cm- 1 




rN = 1.348 XlO 8 cm* 1 


Minimum neck diameter of 




the open multiply connected 




sheet of the 




Fermi surface in the third 


d = 0.21 TH 


zone 




Extremum cross section of the "octahedron" for H||[100]: 


frequency 


7 = 104.6 MGs 


effective mass 


TUy = — 5.2 w 



rather tightly "embedded" in the multiple "jungle gym" and non- 
relativistic calculations yield contacts of the sheets of the FS 
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on the TP symmetry lines and on the necks of the "jungle gym" 
(Fig. 4.17). Spin-orbital interaction completely removes the degener- 
acy on the necks, however the point contacts between the FS sheets 
can remain intact along the TP line, which is a third order sym- 
metry axis. 

The impact of MB on niobium's magnetoresistance was studied 
in [4.64]. The measurements were made with the extremely pure 
samples having RRR from 3 X 10 4 to 6 X 10 4 . 




Second zone Third zone 



Fig. 4.16. The Fermi surface of niobium. The sheet inside the second 
zone is called "octahedron", the third zone contains the ellipsoids centered at the 
points N and the open multiply connected surface named "jungle gym" (the 
tatter's "sleeves" cross Brillouin zone boundaries near the H vertex). 

Niobium is an uncompensated Jmetal with two-dimensional re- 
gions of open trajectories around the third and fourth order axes. 
Niobium's resistance should depend quadratically on the magnetic 
field inside the regions except for the centers, where the open trajecto- 
ries are transformed into a net of closed ones, and the magnetoresist- 
ance is saturated. However, the measurements have demonstrated 
that inside the two-dimensional region around the fourth-order axis 
there are isolated magnetic field directions (corresponding to "troughs" 
in the angular dependence of the magnetoresistance, see Fig. 4.18a) 
for which there are sizable deviations from the quadratic depend- 
ence (Fig. 4.186). This was the signature of MB. 

The breakdown field in niobium was determined from the way 
the magnetoresistance depends on the field in the "troughs", the 
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field being at 7.5° to the axis [100]. A geometrical analysis of the 
spatial layout of MB trajectories for such a magnetic field orienta- 
tion is given in Fig. 4.19. In this case only the type A and B trajec- 
tories are possible. One closed orbit A 2 is located along the "octa- 
hedron" and between the open trajectories A 1 and A 3 . Three closed 
orbits are located between the open trajectories B x and B 3 : two 
along the "octahedrons" and one (B 2 ) across jungle gym. Since the 
MB probability for B type trajectories is much smaller than for A 




Fig. 4.17. The central (100) and (110) cross sections of niobium's 
FS. The "octahedron" (without hatching) is centered at the zone center (at the 
point T). The space between the "jungle gym" and ellipsoids is shaded by in- 
clined lines. In the (110) cross section, the contacts between "octahedron" and 
"jungle gym" are located on the I D line and "jungle gym" necks, while those in 
the (100) cross sections are only on the "jungle gym" necks (which is opened 
along the TH line). 

type ones, the contribution of the former can be neglected. The 
deviations of magnetoresistance from the quadratically rising curve 
are due to the MB, as a result of which an electron can pass from 
one open trajectory onto another having the opposite 
direction of motion of an electron. It follows from symmetry condi- 
tions that the probability of such a transition for the A ± and A 3 
trajectories is exactly equal to the probability of an electron moving 
along a closed orbit around the A 2 "octahedron". If we use the CMB 
model (keeping in mind the high quality fc of the available samples) 
and take into account that there are eight' points of magnetic break- 
down, then the probability that an "octahedron" will be traced 

8 8 

is defined [4.21] as W = J] q t = JJ (1 — W t ) % where W t is the 

i=l i=l 



p(H) , Q cm 

-6 

10 



10 




Fig. 4.18. Angular dependence of the magnetoresi stance for nio- 
bium sample inside the two-dimensional region of open trajectories around a 
fourth order axis. The dependence is obtained in the field of 160 kOe at T = 
= 4.2 K (a). The field dependences of the resistance at different points inside 
the two-dimensional region (b). When the angle a between the magnetic field 
direction and the [100] axis is a = 4° (marked +), then p ~ H 2 ; for a = 7.5° 
(marked O) an( * 10° (marked #) the deviations from the parabolic path are 
observed. 




Fig, 4.19, Spatial position of the MB trajectories in niobium. 
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probability of magnetic breakdown at the i-th point, while the 
dependence of the resistance on the magnetic field will have the 
form p ~ WH 2 . Without going into detail of the W t calculation, 
and comparing the theoretical curves for different values of the 
breakdown field H with the experimental data (Fig. 4.20), we find 
that H = (280 ± 20) kOe. Thence the interzonal energy barrier 
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Fig. 4.20. The probability of electron's motion in an open tra 
jectory along the "jungle gym" versus the magnetic field for a = 7.5°. Experi- 
mental points were obtained with the niobium [001] sample having RRR = 
= 6 X 10* at T = 2.2 (marked #) and at 4.2 K (marked Q). The theoretical 
curves 7, 2, 3 are calculated for the different values of the breakdown field 
strengths: 1—260; 2—280; 3— 300 kOe. 

in niobium can be estimated, i.e. Ae = 0.09 eV. It is interesting 
to note that this practically coincides with the energy of spin- 
orbital interactions that was obtained spectroscopically for Nb 3+ 
ions [4.65]. 

The essential point is the assumption about the phase-coherent 
character of the MB in niobium. This assumption would be support- 
ed by a detection of giant oscillations in the kinetic coefficients. 
It is not realistic to expect to detect large amplitude magnetoresist- 
ance oscillations in the case of niobium. Its FS does not have a small 
diameter limiting the thickness of the MB layer so that the oscilla- 
tion phase can be considered constant within the boundaries of the 
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layer as does beryllium's FS (its limiting dimension being the dia- 
meter of the "coronet" necks, k zm ). The thermopower is another 
matter. Above (e.g. with aluminium) it was shown that thermo- 
power is abnormally strong under conditions of CMB. This gave 
rise to hopes that MB oscillations thermopower might be detectable 
in niobium. 

Simultaneous measurements of thermopower and magnetoresist- 
ance were performed with a niobium sample cut along the fourth- 
order axis and having RRR 3 X 10 3 [4.66]. The angular dependence 



100 120 140 150 
0| . . . . . 




Fig. 4.21. The MB oscillations of the thermopower of niobium 
for H || [110] and their Fourier transform. 

of the thermopower asja whole matched the behaviour of the magneto- 
resistance except for H || [110], where a narrow thermopower peak 
was observed. For this orientation of the magnetic field, the conical 
point contacts between the "octahedron" and "jungle gym" and 
lying on the symmetry line TP (Fig. 4.17) take on great significance. 
The strong thermopower signal is in this case undoubtedly related 
to the high MB probability W near the conical points (at a conical 
point itself W = 1). 

The magnetic field dependences of thermopower include oscilla- 
tions with a complicated spectrum (Fig. 4.21). These oscillations 
have a low frequency / = 1.1 MGs, a high frequency F = 6.5 MGs, 
as well as combined frequencies, F + / and F — /. Similar depen- 
dences were obtained for the directions of the magnetic field close 
to [110], for which the frequencies we cited were found and moreover 
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their amplitudes in terms of the angle a from the [110] axis began 
to grow, achieving a maximum at a ~ 3°, and then diminishing. 
These oscillations can be easily understood using the CMB model. 
The MB trajectories for H || [110] are illustrated in Fig. 4.22a. 
This shows that the directions of electrons moving across the "jungle 
gym" and across the "octahedron" are the same, whereas they can 
pass from one FS sheet onto another at the necks of the "jungle gym" 
and in the regions of the conical point contacts. Similar, albeit 



(a) (b) 

H H 




Fig. 4.22. The scheme of MB trajectories in niobium. Solid lines 
show the trajectories along "jungle gym", points— along "octahedron". The dashed 
cross sections give rise to the interference oscillations in thermo power: (a) — 
H || [HQ], (6)-H || [100]. 



simpler, situation was considered in [4.67] as applied to magnesium. 
It was proved that if the MB is phase-coherent, then coupled MB 
trajectories with the same direction form a sort of "quantum inter- 
ferometer" whose "base" are the cross sections between the trajecto- 
ries. The amplitude of the interference oscillations weakly depends 
on the temperature because the appropriate effective mass equals 
the difference between the effective masses of the quantum inter- 
ferometer's two orbits and is small as a rule. 

An elementary analysis demonstrates that a quantum interfero- 
meter a scheme of which is given in Fig. 4.22a can provide oscilla- 
tions with the frequencies F, /, F + /, F — /, 2/, F + 2/, F — 2f, 
the amplitudes of which depend on the relation between the MB 
probability on neck W n and that in the region of the conical point 
contact W c . If W n and W c are of the same order of magnitude, then 
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the amplitudes of all components will be about the same. However, 
only the first four frequencies were experimentally observed 
(Fig. 4.21). This is only possible if W n <C W c , that is, if the contact 
on the TP line is really a point contact. 

When H || [100], the thermopower oscillations contain only one 
frequency, |3 = 8.64 MGs. The MB trajectories for this case are 
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Fig. 4.23. The amplitude of the MB thermopower oscillations 
versus the reciprocal of the magnetic field for H || [001] when studying the MB 
in niobium under uniaxial stretching of the sample: Q—the free sample, % — 
the stretched sample. 

shown in Fig. 4.226. The amplitude of the thermopower oscillations 
A s depends on several factors, including the MB probability W = 
= exp (-HJH) and the temperature and impurity broadening^ 
of the Landau levels described by the effective mass m* and Dingle's 
temperature Tn, respectively. At the limit of the low magnetic 
fields (compared to H ) only the exponential multipliers in A & 
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remain 

A 9 ~ exp [ -HJH-k^ (T + T D )/H~] (4.3) 

where k = 150 kOe/deg. 

The behaviour of the oscillation amplitude versus the reciprocal 
of the magnetic field for H || [100] is given in Fig. 4.23. The effective 
mass of the (3-oscillations can be found from the temperature depen- 
dence of the de Haas-van Alphen effect [4.63] and is equal to m* = 
= 0.3 m. Evaluating Dingle's temperature from RRR yields f D = 
= 0.3 K. By substituting these values into (4.3) and by using the 
experimental data in Fig. 4.23, we can obtain an additional estimate 
of the breakdown field in niobium, H = (280 ± 300) kOe. This is 
in a full agreement with the results obtained from an analysis of 
the field dependence of the magnetoresistance. 

The complete spectrum of the MB oscillations of niobium's thermo- 
power is given in Fig. 4.24. To improve the sensitivity when record- 
ing this spectrum, a modulation of temperature gradient along the 
sample was used. The heater was powered by an 8 Hz ac current, 
and the signal from the sample potential leads was applied to the 
input of a selective lock-in amplifier tuned for 16 Hz. This signifi- 
cantly suppressed the noise and completely eliminated the drifts 
induced by parasitic emf's in the connecting wires. 

The frequencies of the thermopower MB oscillations are governed 
by the cross sections between "jungle gym" and the "octahedron". 
It is quite probable that some spectral branches, e.g. F, are governed 
by a nonextremum cross section from the MB near a conical point. 
In fact, the observation of MB oscillations in niobium's thermopower 
was the first experimental corroboration of the existence of the 
"octahedron", as it had not been detected before in the measure- 
ments of the de Haas-van Alphen effect [4.61] or those of magneto- 
thermal oscillations [4.62]. Analogous considerations applied to 
investigations of the MB in vanadium [4.68] enabled the authors to 
establish that the FS of vanadium and niobium FS's are similar 
thus to choose vanadium's FS model. 

The most curious feature of CMB in niobium is the MB near the 
conical point. Thus, the breakdown field H* k z away from the con- 
ical point is proportional to k\, i.e. H* = (nhc/e tan q>) k\, where the 
angle q) is indicated in Fig. 4.22a. Since the amplitude of the inter- 
ference MB oscillations is a function of the product W (1 — W) 
(one factor gives the amplitude of a wave passing down one branch 
of the "interferometer", the other of a wave going down the other), 
there always will be a k z for which W = 0.5 and the oscillation 
amplitude is at a maximum. Thus, if the MB is due to the presence 
of a conical point contact between the FS sheets, then the MB oscil- 
lation's frequency will depend on the cross section slightly away 
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from the conical point (perhaps, on a nonextremum cross section). 

Another feature of the conical point is that it exists because of 
the high symmetry of the TP line on which it is located. Therefore 
we should expect that even a very small deformation of the sample, 
lowering the symmetry of its crystal lattice, will be accompanied 
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Fig. 4.24. The spectrum of magnetic breakdown thermopower 

oscillations in niobium. 



by the disappearance of the conical point contacts. The effect of 
a uniaxially stretching a sample on the MB in niobium was investi- 
gated in [4.69]. 

In order to stretch the sample uniaxially the big difference be- 
tween the thermal expansion coefficients of niobium and fused quartz 
was utilized. The setup is shown schematically in Fig. 4.25. The 
sample 1 was cut along the [100] direction by the electric-spark 
method from a single crystal of niobium with RRR = 3 X 10 3 
and then electropolished. The sample has the "arms" between which 
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the sectional spacer 3, 4, 5 was set made from fused quartz. The 
tabulated thermal expansion coefficients show that cooling to liquid 
helium temperatures should stretch the niobium sample by 1.6%. 
It will actually be stretched by less because of elastic deformations 
of the arms. In a number of measurements the sample 




[ioo] | 1mm j 

Fig. 4.25. Mounting of the niobium sample to study the uniaxial 
stretching effects: 1— the sample, 2— the heater, 3, 4, 5— the sectional spacer 
made from fused quartz, 6— twisted cable composed from current and potential 
leads* 

was stretched to a third the maximum value. In order to do this, 
an air gap of about 0.07 mm was left between the quartz spacer and 
the arms when assembling at room temperature. 

Eight experimental runs were performed, four runs with the 
sample stretched and four without stretching, the runs being alter- 
nated. The reproducibility of the results as a whole indicated the 
absence of residual deformation in the sample. 

The influence of stretching on niobium's thermopower oscillations 
for H || [110] can be seen from Fig. 4.26. The examples here are (a) 
the thermopower recorded with a stretched sample and (b) with 
a free sample. Data gathered for this direction of a magnetic field 

14-092 
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are given in Table 4.4, the frequency v (MGs) and amplitude A 
(relative units) being given for each component of oscillation spec- 
trum. 

Table 4.4. The uniaxial stretching effect on the niobium 
thermopower oscillations at H||[011]. The data were obtained 
for 90 kOe ^ H < 150 kOe. Frequencies are measured in MGs. 
while amplitudes in arbitrary units 
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freq. 


ampl. 


AZ = 


1.14 


4.65 


6.54 


1.93 


7.68 


1.77 


5.40 


0.30 


AZ = 0.03 


1.11 


4.40 


6.54 


1.82 


7.65 


1.81 


5.46 


0.22 


AZ = 0.1 


1.06 


3.11 


6.68 


1.78 


7.72 


1.90 


5.64 


0.11 



This Table shows up the unexpected result that in spite of the 
assumptions made, the F frequency oscillations which corresponds 
to the cross section between the conical point contacts (Fig. 4.22a),. 




(a)" 



(b), 



■ — ' " 1 1 , i i i 

100 H(kOe) 150 

Fig. 4.26. The thermopower oscillations in niobium under unia- 
xial stretching the sample for H || [011]: (a)— the stretched sample, (b)— the 
free sample. 

do not change in amplitude when the sample is stretched. The ampli- 
tude of the low-frequency component /, which corresponds to the 
cross section between the "jungle gym" neck and conical point 
contact changes the most. 
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When interpreting these data, it should be borne in mind that 
the oscillations with the F frequency stem from the W = 0.5 cross 
section and consequently their amplitude is the maximum possible 
(see p. 207). Therefore, even if the sample is deformed so that the 
conical point contact disappears, but the resultant gap satisfies the 
condition of W>0.5, then there will still be a cross section for 
which W = 0.5 and hence the amplitude of the oscillations of 
frequency F will remain unchanged. 

The low frequency / oscillations depend on the cross section be- 
tween the conical point contact and the "jungle gym" neck. In the 
first approximation, their amplitude is defined by the expression: 



where W c and W n are the probabilities of the MB near a conical 
point and on the "jungle gym" neck, respectively. By assuming that 
the cross section is specified by the condition W c = 0.5 (for which 
the oscillation's amplitude is the greatest), a decrease in the / oscil- 
lation's amplitude as the sample is stretched can be ascribed to 
a widening of the gap on neck, the change in the breakdown field 
being given by 



Substitution the experimental data in (4.5) yields an increase 
in the breakdown field on the neck of about 100 kOe when the sample 
is stretched. 

On the other hand, the amplitude of the P-oscillations is directly 
determined by the MB probability on necks of the "jungle gym" 
(Fig. 4.22fo), and the measurements demonstrated that this was not 
changed by stretching the sample (Fig. 4.23). 

These results may be reconciled by assuming the spin-orbital 
gap is changed anisotropically. The influence of the gap extension 
in the direction of the stretching force is thus compensated by the 
gap decrease perpendicular to the force so that the resultant ampli- 
tude of the P-oscillations is unchanged. 

Of great physical interest is also a comparison of the experimen- 
tal data on the MB in transition metals whose Fermi surfaces are 
almost the same. The point is that this sort of analysis is practically 
the only way to determine the influence of spin-orbital interaction's 
on the electron structures of transition metals. 

At present we can compare qualitatively the results of experi- 
mental studies of the MB in the VB group metals, viz. vanadium, 
niobium, and tantalum which all have similar Fermi surfaces. 

In vanadium MB thermopower oscillations were observed in the 
magnetic fields lower than needed to induce them in niobium, and 

14* 



A f ~VW e (l-W )W n (l-W n ) 



(4.4) 



(tf )i-(#o) 2 = # In (AJAJ, 
where H is the averaged field. 



(4.5) 



212 N. E. Alekseeuskii and V. I. Nizhankovskii 



this is notwithstanding the fact that the quality of the investigated 
samples was markedly lower (RRR = 1.5 X 10 3 ) [4.68]. On the 
other hand, no sign of MB could be observed for tantalum in the 
magnetic fields below 175 kOe [4.68]. 

Comparing these data suggests that interzonal energy gap caused 
by spin-orbital interaction widens as the atomic number rises. 
This conclusion is not unexpected, since it was found to be true 
some time ago for atoms and ions, for which the gap widens in 
proportion to Z 4 . It should be noted however that this preliminary 
data favor the conclusion that the interzonal energy gap in transition 
metals widens at a markedly slower rate than Z 4 . 

4.5. RUTHENIUM DIOXIDE, Ru0 2 

Ruthenium dioxide Ru0 2 is an oxide with the rutile 
(Ti0 2 ) structure and possesses metallic conduction down to liquid 
helium temperatures [4.70]. The Fermi surfaces for this sort of 
oxides have been investigated thoroughly especially for Ru0 2 , Os0 2 , 
and Ir0 2 . The oxides have a tetragonal structure with a ratio of 
cla = 0.7 (see Table 4.5) and two molecules in each elementary 



Table 4.5. Physical Properties of RuO 



Lattice constants 


a = 


4.4919 A 




c = 


3.1066 A 


Brillouin zone dimensions 


TZ = 


= 1.0113X10 8 cm" 1 




rx= 


= 0.6994 Xl0 8 cm" 1 


Oscillation frequencies for 
H || [100] 


y= 

6 = 


28.7 MGs 
78.3 MGs 


Specific electrical resistance 
at room temperature 


P300 K = 


4xl0 -6 Q cm 



cell. Transition metal's atoms are arranged in body-centered tetrago- 
nal lattices with each metal atom surrounded by six oxygen atoms. 
Because of low symmetry of the crystalline lattice, the 
oxides FS's are strongly anisotropic. An attractive feature of 
RuO 2 is the small value of the spin-orbital interaction, and this 
makes us hope we may be able to detect MB and thus find a new 
and useful source of information about the FS topology. 

The first calculations of ruthenium dioxide's electron structure 
were nonrelativistic [4.71] and the resulting cross sections of the FS 
by principal symmetry planes are shown in Fig. 4.27a. The electron 
sheet e 5 is almost an ellipsoid, the hole sheet h 4 contacts the latter 
at several points and "punches through" the facets (001) and (010) 
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of Brillouin zone. This means that they should be open both along 
the tetragonal [001] and binary [110] axes. Experimentally, no open 
trajectories were observed along the [110] direction [4.72], nor was 
the neck of the h 4 branch detected in this direction [4.73, 74]. There- 
fore the nonrelativistic zone structure was deformed to eliminate 
the openness [4.74]. The FS cross sections given by this semiempiric- 
al approach are shown in Fig. 4.27c. The model has a new element 
in the FS, viz. a hole ellipsoid h 3 at Z whose existence had no direct 
experimental corroboration. 

The introduction into the zone calculations of a small JjJ'jHfl 
all 0.011 Ry) spin-orbital interaction eliminated the braigfife^&j 
the hole sheet h 4 along the [110] direction that contra dicte(«^ueri- 




(a) (b) (c) 

Fig. 4.27. The central cross sections of the FS in Ru0 2 [4.54]: 
(a)— nonrelativistic calculation (e^ = 0), (6)— calculation with a due regard |for 
spin-orbital interaction (e d = 0.011 Ry), (c)— semiempirical model. 

ment. Nevertheless the new FS element was not produced (Fig. 4.276) 
[4.71]. Also, the spin-orbital interaction eliminated the contacts 
between the electron and hole sheets of the Ru0 2 FS that were 
predicted by the nonrelativistic calculations. The spin-orbital gap 
between e 5 and h 4 along the TZ line remained however extremely 
small because of the accidental degeneracy of the zones slightly below 
e F . Thus open trajectories along the tetragonal [001] axis remained 
as before possible due to MB. 

In the relativistic model, the electron sheet e 5 closely resembles 
an ellipsoid. The hole sheet h 4 is similar to the surface well-known as 
the "dog's bone", but with two exceptions. First, the h 4 sheet crosses 
the facet (001) of the Brillouin zone with a finite slope, as a result 
of which h 4 within the scheme of repeated zones has a constriction 
with sharp edges. The second feature of the h 4 hole sheet that can 
be clearly seen from a three-dimensional image of the FS relativistic 
model (Fig. 4.28) is the flatness of its "arms". These features of 
the h 4 hole sheet can explain the data on the magnetothermal oscilla- 
tions in Ru0 2 [4.74], where neither the constriction of h 4 at H || 
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|| [001], nor the central extremum cross section of h 4 at H || [110] 
were detected. However, the final decision in favor of the FS relativ- 
istic model for Ru0 2 was made after detecting magnetic breakdown 
and investigating the MB oscillations of resistance and thermopower. 

Single crystals of Ru0 2 were grown by a transport technique in 
an open system. The samples were cut out along the principal 
crystallographic directions [001], [010], and [110] and had RRR = 
= 600-700. The current and potential leads were glued on with 




Fig. 4.28. Relativistic model of the FS for Ru0 2 . 

silver paste and the mounted sample was placed in an apparatus 
[4.75] in which it could be rotated by 360° and the rotation axis 
inclined by 14°. A magnetic field up to 150 kOe was generated using 
a superconducting solenoid. The oscillating signals were processed 
by the technique used to investigate the MB in niobium. 

The results of the measured angular and field dependences of 
Ru0 2 magnetoresistance are presented in Fig. 4.29. The angular 
functions are slowly changing, whereas the field dependences are 
close to quadratic. Sharp magnetoresistance minima in the direc- 
tions perpendicular to the tetragonal [001] axis were only observed 
for the binary [110] and [010] samples. A trend to saturation can 
be seen in the field dependences of resistance recorded at these 
minima (the lower curves in Fig. 4.29e, /). This behaviour of the 
magnetoresistance is in agreement with an earlier assumption [4.72] 
about the presence of open trajectories along the tetragonal [001] 
axis. It must however be said that the trend to saturation emerges 
only at co c t > 5, whereas the resistance increment Ap/p in this 
case is abnormally large and amounts to 50, in spite of the quasiclas- 
sical theory, for which Ap/p ~ 1. These features can be explained 
by tracing the origin of the open trajectories due to a magnetic 
breakdown. 
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The magnetic breakdown is also responsible for the resistance and 
tthermopower oscillations observed with the [010] sample for H || 
|| [100]. The magnetoresistance oscillations were of small amplitude, 
and like those of niobium, can be explained by the absence of a small 
diameter of the Fermi surface for Ru0 2 that would limit the MB-layer 
thickness. The thermopower oscillations were much more pronounced 
and were not only observed for H || [100] but also near the direc- 



Ap. AP AP 

~y (a) — (b) -y (c) 




50 100 H.kOe 150 50 100 H,kOe 150 50 " 100 H.kOe 150 



Fig. 4.29. The angular (a-c) and field (d-f) dependences of Ru0 2 
magnetoresistance: a, d — the sample is cut along tetragonal axis, 6, e — the bi- 
nary [110] sample, c, /—the binary [010] sample. The angular dependences are 
obtained in the transverse magnetic field of 150 kOe. The ordinates in Figs, d-f 
are squared magnetic field strengths, therefore the function Ap/p ~ H 2 is a 
straight line. 



tion (Fig. 4.30). Spectral composition of the oscillations is rather 
complicated because it includes four frequencies, f 1 = 28.8 MGs, 
/ 2 = 79.2 MGs, f 3 = 108 MGs and / 4 - 136.8 MGs (Fig. 4.31). 
The origins of each of these frequencies can be found from the rela- 
tivists model of the FS of Ru0 2 . In this model (Fig. 4.32), the f 1 
frequency corresponds to the cross section of the hole sheet h 4 , 
while / 2 corresponds to the cross section of the electron ellipsoid e 5 . 
Then the / 3 frequency corresponds to the "figure-of-eight" composed 
of the h 4 and e 5 cross sections and / 4 corresponds to the involved 
self-intersecting orbit composed of two cross sections of h 4 and one 
cross section of e 5 . 

It is curious that for H || [100] the highest possible frequency / 4 
had almost the same amplitude as that of the lowest frequency f x , 
and given a small deviation in the magnetic field from the [1001 



AS 




I I I 

140 145 H.kOe 150 

Fig. 4.30. The thermopower oscillations measured in the [010] 
sample of Ru0 2 for different angles q) between the magnetic field direction and 
the [010] axis. The thermopower scale in absolute units is the same for all curves. 

10 I 1 1 1 r 
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Fig. 4.31. Fourier transform of the thermopower oscillations in 
Ru0 2 . 
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direction the / 4 amplitude exceeded the amplitudes of all the other 
frequencies. 

In order to clarify this point, the temperature dependencies of 
the magnetoresistance oscillation amplitudes were studied. The 






_ j 




f =28.8 MGs 



f 2 =79.2 MGs 



f . = 108 MGs 



f 4 =136.8 MGs 



Fig. 4.32. The MB orbits in Ru0 2 corresponding to the observed 
magnetoresistance and thermopower oscillations. The dashed line is the Bril- 
louin zone boundary. 



effective masses estimated therefrom proved to be ra* = 0.5 m and 



m* = 0.3 m for the f l and / 4 frequencies, respectively, 
effective mass of the largest MB 
orbit is smaller than that of the 
smallest one. 

This effect, which could be 
called "mass compensation", has a 
simple explanation. The effective 
mass of a complex self-crossing 
trajectory can be found as the 
algebraic sum of the effective 
masses of its constituent orbits. 
Thus the large effective mass of an 
electron orbit around the e 5 ellip- 
soid proves to be compensated by 
the two effective masses of the 



Hence, the 



Fig. 4.33. The scheme 
to explain how the energy influences 
complex MB orbit. 
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hole orbits around h 4 . This conclusion can be confirmed by plotting the 
self-crossing trajectories for two energies (Fig. 4.33). When the energy- 
changes, the electron and hole contours are deformed in opposite direc- 
tions so that the total orbit area remains unchanged, and this in 
terms of the effective mass (rci* ~ dS/de) does mean that m* ~ 0. 

In this respect MB oscillations of Ru0 2 are similar to the inter- 
ference oscillations observed in magnesium [4.67] and niobium 
[4.61]. But there is still a substantial difference in that whereas the 
interference oscillations can incorporate both additive and differen- 
tial harmonics, the oscillations from alternate electron and hole 
orbits can only consist of the sums of the initial frequencies. 

It should be noted that the detection of magnetoresistance and 
thermopower oscillations from the giant orbits extending beyond 
the single Brilluoin zone is evidence of the phase-coherent character 
of the MB in Ru0 2 . On the other hand, these investigations were 
carried out using samples of relatively low quality. This enables us 
to be optimistic that we may find further manifestation of this 
interesting effect in other compounds, high-quality single crystals 
of which are not as simply fabricated. 

4.6. CONCLUSION 

The data given in this review demonstrate that the 
quantum features of the behavior of current carriers in metal, which 
are most pronounced during CMB, are quite often observable in 
experiment. Further progress in this branch of research we expect 
not only will yield new results for physics of metals, but will also 
assist in widespread utilization of the metal's plasma properties 
•to solve a number of practical problems. 
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K Weak Electron Localization 

and Magnetoresistance Oscillations 
of Cylindrical Normal Metal Films 

Yu. V. Sharvin, Assoc. Mem. USSR Acad. Sc., and 

D. Yu. Sharvin 

5.1. INTRODUCTION 

The idea for the experiment described below was sug- 
gested in 1981 by Altshuler, Aronov, and Spivak (AAS) [5.1] who 
predicted that the electrical resistance of a tube made from a nor- 
mal metal should oscillate when the longitudinal magnetic field 
strength inside the tube changes. The period of these oscillations 
should correspond to the magnetic flux variation in the hollow by 
the value of the flux quantum, O = hc/2e = 2 X 10- 7 Oe-cm 2 . 
Two points here are of special interest. First, the flux quantum, 
<I) 0T which contains twice the electron charge in the denominator, 
has until now only appeared in the physics of superconductivity 
where the double charge is due to the pairing of the electrons re- 
sponsible for the onset of superconductivity. 

Second, it was claimed in [5.1] that this oscillatory interference 
effect does not require perfectly monocrystalline samples and can 
be distinctly observed in disordered conductors whose electron free 
path is by many orders of magnitude smaller than the sample 
diameter. 

In fact, the observation of this phenomenon would be a direct 
proof of some basic concepts of physics of disordered conductors 
(more exactly, of the "weak localization" theory). 

A rigorous treatment of theory of the problem can be found in 
a review by Altshuler, Aronov, Khmelnitskii, and Larkin [5.2], 
which was published in an earlier volume of this series. To introduce 
the experiment description we shall simply confine ourselves to 
quasiclassical estimates and the discussion of ready-made formulae 
without any pretence at rigour. 

A great number of beautiful phenomena, e.g. the de Haas-van 
Alphen effect*, cyclotron resonance, the galvanomagnetic, and size 
effects clearly demonstrate the applicability of quasiclassical no- 

* An analysis of the de Haas-van Alphen effect can be based on the 

Bohr-Sommerfeld quasiclassical condition for a change in the wave function 

phase during a closed motion, ^ ( P + "~A j • dv ± = 2jtn, where the integral of 

the generalized electron quasimomentum, p + —A, in the magnetic field having 

the vector potential A, is taken over an electron trajectory in a real space pro- 
jected onto a plane perpendicular to the field. 
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tions about the motion of quasiparticles (electrons) inside a pure 
monocrystalline metal along definite trajectories between collisions 
with lattice inhomogeneities, and given that the free path and the 
admissible error in electrons' coordinates substantially surpass 
their wavelength, X. 

Let us discuss, to what extent these notions can be utilized to describe 
the transfer phenomena inside a metal with a sizable amount of 
lattice distortions. 

If we restrict ourselves to a consideration of an isotropic metal 
and an elastic electron scattering by randomly positioned non- 
interacting centers, viz. impurities or atomic sized defects, then 
we obtain from classical arguments the usual relation for conductiv- 
ity a = ne 2 x e /m = neHJmvF, where the free path between elastic 
collisions l e can be expressed in terms of the scattering cross-section 
for a single center s and the centers concentration TV in a form Z e = 
= i/Ns. Consequently, the metal's resistivity p is here proportional 
to N at least for small impurity concentration. 

This answer can be explained from the quantum viewpoint as 
follows. Assuming that an electron is scattered by each center in 
the form of a spherical wave, the intensity at any point is a result 
of the random phase interference. This is why the resultant intensity 
is the simple sum of the intensities of the arriving waves. At I X 
this situation enables trajectory notions to be used and demonstrates 
that in the first approximation p ~ N according to the quantum- 
mechanical model too. 

However, it is evident that as N increases the additivity of scat- 
tering cross-sections is somewhat violated because of an increase 
in XI I even for the simplest model of noninteracting, elastically scat- 
tering centers, and the corrections are to be found. The solution of 
this nontrivial problem proved to be unexpectedly simple and 
elegant and has led to the explanation and prediction of a number 
of interesting effects. Let us consider, e.g. the process of electron 
diffusion. Suppose that as a result of elastic collisions, an electron 
wave function has appeared with a given energy* that occupies 
a certain region around the point (Fig. 5.1) and continues to be 
scattered via interactions with inhomogeneities. Despite the univer- 
sal chaos all the electron waves which originate from a small (as 
compared to X) vicinity of and return there after a number of 
elastic scatterings interfere pairwise in a regular manner. A wave 
successively scattered by centers 1,2,3, ...,7V— 1,7V, arrives 
at the point with the same phase as another wave that travels 



* By considering the electrons as noninteracting, we deal only with 

one-electron wave function. However, when using classical terms we shall some- 
times use the plural for electron, too. We shall as yet neglect the interaction 
between the electron spin and defects. 
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along an equidistant reverse path 0, N , N — 1, . . ., 3, 2, 1, O 
(these we shall call conjugate waves) and their, equal in magnitude, 
amplitudes A add together so that the intensity (2A ) 2 which arises 
is twice the intensity that arises from adding waves with a random 
phase difference, viz. A 2 + A 2 = 2A 2 . Certainly, the intensity at 
point is only doubled for the superposition of the waves that 



3 




N-1 



Fig. 5.1. 

emerge from a vicinity of smaller than X. However, waves also 
arrive at that have random phases from the whole region with 
nonzero wave function. We must also take into account that those 
conjugated waves which do not manage to return to within a cer- 
tain period of time will not be coherent either due to inelastic 
interactions or for some other reason. As t<p->0, the interference 
correction should vanish completely. 

Let us try to evaluate the interference corrections for conductiv- 
ity or another kinetic coefficients, such as thermal conductivity 
or electron diffusion, in the form of small corrections to classical 
expressions. Since the relative corrections to these coefficients are 
the same, the correction being introduced to the value of free path, 
we shall, for convenience, consider diffusion. 

If an electron is located at t = at the origin r = 0, then at 
time T(p it will have moved away from the origin a distance of the 
order of the diffusion length, = YDx^ = 1^/^/3, where D = 
= i^Ze/3 is the diffusion coefficient. Since at helium temperatures 
'cp can reach the value of about 1 cm, then even for small l e of 10~ 6 cm 
we shall get macroscopic values of of 10 |im. If any of the dimen- 
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sions of the sample (e.g. film thickness) is not much larger than 
L<p, then the sample's shape will, obviously, have to be allowed for. 

First, consider the case of a three-dimensional conductor. In the 
classical case the density of probability for electron at t has the 
following form: 

C (t,\t) = \(4nDt)-V* exp (-rVADt) (5.1) 

Now let us calculate the number of conjugated trajectories. The 
electrons leave a region near r = of the X size (k <C /) at Fermi 
velocity. In time dt the number that leave will be C (0, t) u F X 2 dt. 
At an instant t > t + x e a fraction proportional to C (0, t — t) 
will return to the vicinity of r = 0. If ^ — t < T<p, these trajecto- 
ries will contribute to the interference correction term. The relative 
contribution of the trajectories to electron density at t is 

C$frC(O t t.-t)v&dt (5.2) 

Taking into account that for t ^> Tq> and (t — t) <: T<p, we can 
put C (0, t) « C (0, £ ), then integrate from t — t — x v to t = 
= t — r e , and get the following estimate for the relative decrease 
in diffusion coefficient or conductivity: 



6D _ 5a 
D ~ a 



- j (Dt)-*l*Wv F dt& ^-(l-j^v^) (5.3) 



Thus, in the three-dimensional case the correction is controlled by 
short reverse trajectories, while it does not rise infinitely as oo. 

If instead we have thin "quasi-two-dimensional" films a <C £q> 
thick or wires a x <C L<p in diameter, the dependence of the correction 
on Tq, substantially increases. Thus at t > a 2 ID = x x the volume 
which an electron is in increases not as (Dt) 3 / 2 , but more slowly 
either as aDt in a film or as d[ ]/^Dt in a wire. 

For a quasi-two-dimensional film we have 



a J aDt al e *i 



or for two-dimensional conductivity 
k 2 a t Tn, e 2 



8a G = a5a « ln — - 4" ln — (5.5) 

Iq Ti Tl %i 

It is noticeable that in the two-dimensional case the dimensional 
coefficient in the expression for 8oq contains only universal cons- 
tants. Using the numerical factor obtained from exact calculations, 
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we get 



8a c = — 




In -^=—2.47 X lO^ln^Q" 1 



a a 



(5.6) 



The most direct experimental check of the interference mechanism 
which forms the basis of this calculation would be the observation 
of a sample conductivity variation that would arise from an intro- 
duction of a phase shift between the interfering conjugated waves. 
This is the aim of the experiment proposed by Altshuler et al. [5.1]. 

If the sample is a thin-walled hollow cylinder whose perimeter 
is of the order of Z^, then the coherent conjugated waves will 
have trajectories that envelope the cylinder cavity. The presence of 
such trajectories will obviously lead to a larger correction to for 
cylinder walls than is given by formula (5.6). If a magnetic field 
with the flux O is produced inside the cylinder cavity, the magnetic 
vector potential A will be nonzero within cylinder walls, although 
the field itself may be absent. A nonzero A will result in the change 
in a phase shift q> along trajectories that is dependent on the direc- 
tion of wave motion. The phase difference between the waves return- 
ing to the origin from each side (I and II) will be the same for all 
trajectories: 



When the flux O is changed, the part of the correction to conduc- 
tivity that is related to the enveloping trajectories will oscillate 
with period O = hc/2e . 

The integrals from (5.7) are reminiscent of the Bohr-Sommerfeld 
quantization conditions for the wave function of a particle in a mag- 
netic field, but here no conditions are imposed on the phase difference 
and thus on the energy of the electron states. The AAS effect is an 
analogue of Aharonov and Bohm effect [5.3]. In 1959 Aharonov and 
Bohm demonstrated that the interference pattern formed by two co- 
herent electron beams in a vacuum must be displaced by an integer 
number of fringes when the magnetic flux enveloped by the beams 
changes by an integer number of quanta hcle. In our case, the flux 
quantum is half this value since the electron goes round the flux 
region at least twice. 

In the next Section we shall present the results of our searches 
for the AAS effect. A number of experiments to measure the resist- 
ance of hollow cylinders in longitudinal magnetic field have already 
been performed earlier with the samples made from supercondu- 
cting metals [5.4-8]. This was done to study the phenomenon of mag- 



(Acp)i — (A(p)n 



=-r §(p*+-r A H r '-4- 
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netic field quantization in superconductors, and the first were the 
experiments by Parks and Little [5.4] in 1963. They observed resis- 
tance oscillations with a period of hc/2e in flux. The important 
aspect of the oscillations was the phase: at H = the sample's re- 
sistance was at a minimum while the simple theory covering the 
AAS efiect indicates that at H — the resistance should be at a 
maximum. 

We shall start by describing the most recent experiments in which 
we detected the AAS effect in this simple form. In Sec. 5.3 we 
shall return to the chronological sequence of events and shall trace 
the AAS effect manifestations in more complicated cases including 
those of superconducting metals. 

5.2. AN EXPERIMENT WITH LITHIUM FILM * 

5.2.1. Experimental Technique 

After some preliminary experiments, we chose lithium 
for preparing the sample, notwithstanding its high reactivity. On 
the basis of the published data on spin-orbital interactions [5.10] we 
could expect that given its low atomic number (Z = 3) the spin states 
of the electrons in lithium would not be affected significantly 
by elastic scattering by defects and sample surface. This makes 
lithium suitable for confirming the simplest variant of the theory. 

The data in [5.10] and the influence of spin-orbital interactions 
on the AAS effect will be discussed in Sec. 5.3. 

Another advantage of lithium is its relatively high vapour press- 
ure thus favouring the formation of pure films. As a matter of fact, 
it is the nonvolatile impurity atoms having finite magnetic moments 
that are dangerous. When colliding with these atoms, random re- 
orientation of the electron spin occurs, the coherency of conjugated 
waves is violated, and the value of is decreased even at low tem- 
peratures. 

Lithium was condensed into a quartz filament about 1 um in diam- 
eter and b = 1 cm in length. The filament's ends were glued with 
BF compound to platinum wires that served as the current leads, 
and the filament was placed along the axis of a helium Dewar in 
which the lithium was condensed by a tantalum evaporator moving 
around the filament. As this was happening the Dewar vessel was 
evacuated by a diffusion pump and a small quantity of pure helium 
was admitted through a small tube into the bottom of the vessel so 
that the pressure was maintained at 10 - 3 Torr. The Dewar vessel's 
walls and the shield in its upper part were cooled by liquid nitro- 
gen. The film about 10~ 5 cm in thickness was then annealed at room 



For the short communication version see [5.9]. 
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temperature and atmospheric pressure of pure helium. Then liquid 
helium was fed in. 

In our experiment the magnetic field strength cannot be changed 
inside the lithium cylinder hollow, while maintaining the field at 
zero within the walls. The sample was simply placed in a homogene- 
ous magnetic field H with its axis parallel to the direction of the 
field. The sample's resistance R was measured as a function of H 
by a dc potentiometer with a sensitive photoamplifier and an XY- 
recorder. The recorder input was protected against short-period 
noises by an RC-filter with RC « 2s. The measurements were per- 
formed mainly at night. 

5.2.2. Experiments at 1.1 K 

In Fig. 5.2 a record of AR (H) is presented for a sample 
having R = 1985 Q at 4.2 K and i? 300 /^4.2 = 2.8 (solid line). This 




Fig. 5.2. AR (H) for a lithium sample with R = 1985 Q. The 
solid curve is the average of four experimental curves, the dotted line is a calcu- 
lation using formula (5.9). 

record was obtained by averaging four successive records taken with 
the increasing and decreasing H values to eliminate the persistent 
zero drift. 

15* 
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' The helium bath temperature was 1.1 K. Due to Kapitza's ther- 
mal resistance at the sample-liquid helium interface the sample's 
temperature was higher than that of bath by about 0.2-0.4 K because 
of heating by the measuring current of 40 |liA. 

The curve AR (H) in Fig. 5.2 has a pronounced period of 12.6 Oe, 
and the damping oscillations are superimposed onto the monotonic 
fall in the resistance. The diameter of the quartz filament was mea- 
sured after the helium experiment had been finished. The lithium 
was carefully washed off and the filament diameter measured by 
scanning electron microscope; it proved to be 1.30 ± 0.03 |im. This 
suggests that the field strength produced by a single flux quantum 
hc/2e inside the cylinder's hole amounts to 15.6 Oe. This value, 
quite naturally, agrees only roughly;with the period observed since 
we have not yet accounted for film thickness. For a more accurate 
calculation of the period the quantity Jtr 2 , where r is the average 
cylinder radius, must be used instead of the hole area. Because we 
did not measure the cylinder wall thickness a directly, we utilized an- 
other method to compare with the theory. We determined a from the 
monotonic fall in resistance, that is, from the negative longitudinal 
magnetoresistance of the film, which is the phenomenon considered 
by Altshuler and Aronov [5.11] and which we observed in our ex- 
periments. 

The longitudinal field present in the film induces phase shifts 
for those conjugated trajectories which do not envelope the cylinder 
cavity but which trap some magnetic flux, equal in order of magni- 
tude to Ha\^Dt, where t is the time of travel along a trajectory (here 
it is assumed that YDt ^> a). Since the areas of these contours are 
random in value, the corresponding random phase shifts will reduce 
the interference correction term in the same way as other coherency 
losses which we described by T<p. The corresponding time r H can be 
evaluated for the field H from the relationship HaYD% H & O . 
This is applicable when VDt h > a, that is when H <C O a 2 . Given 
the exact numerical coefficient, we have r H = n iQ a lg* [5.11], The 

expression defining the resulting time of phase failure has the famil- 
iar form Tq, (H)- 1 = Tqj" 1 + Th- To derive the correction 8(J(h in the 
longitudinal field H we need to substitute T<p (H) for in (5.6). It is 
handy to introduce a new diffusion length L 9 (H) = VDx^ (H) 
expressible in terms of L v (0) =» YD% V , viz. 

L,(H) = Z,(0)[l + 4(-S^) 1 ]- 111 (5.8) 

It is then substituted into (5.6) in place of L^. 

The reduction of oscillation amplitude with field strength is also 
caused by the presence of a field within the film body (this leading 
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in calculations to the superposition of oscillations having slightly 
different periods). Here the value of the amplitude will depend on 
2nr/L 9 (H). 

The resultant expression for the shape of the AR (H) curve is: 
R(H)-R (0) « R**f Z [L v (H), (0)] (5.9) 
where 

Z[L 9 (H), L,(0)] = ln-^Q_ + 

+ 2 2 [M»T^H to »^"M»w)] (5.10) 

71=1 

Here K (x) is MacDonald's function [K (x) dies away quickly at 
x > 1 tending to e~ x ]. This expression written for noninteracting 
electrons with no spin-orbital interactions, was used to approximate 
the experimental data for the lithium sample*. In Fig. 5.2 the dashed 
curve shows results calculated from formula (5.9) with r = 0.72 (im, 
(0) = 2.22 |jjm, and a = 0.127 jim. Thus, the value 2r — a =. 
= 1.31 fim proved to be close to the above diameter of the quartz 
filament, i.e. 1.30 ± 0.03 jim. 

Let us note that here the condition a <C (0) for a film to be 
quasi-two-dimensional is satisfactorily fulfilled. The fulfilment at 
the maximum field strength of H = 65 Oe of another condition 
a <C Y<$)JH = 5.6 X 10" 5 cm is not so reliable, yet the good agree- 
ment between the monotonic components of the calculated and 
experimental curves for the whole range of fields demonstrates that 
the approximation is still satisfactory. 

Another corroboration of the applicability of (5.9) is the agree- 
ment with experiment of the oscillation damping magnitude which 
is calculated for a determined from the monotonic component. 

The experiments were repeated with the same sample after it 
had been reheated close to room temperature and stored at liquid ni- 
trogen temperature for three days. As a result, the sample's resist- 
ance at 4.2 K rose from 1985 to 2560 Q, probably because the sample 
had been partially oxidized. The curve parameters at 1.1 K were 
not changed significantly and a comparison with (5.9) leads to the 



In the first approximation, r was determined from the period of the 
oscillations, then Lq> (0) was taken from the first oscillation amplitude having 
Lq> (H) = Ly (0), and then a was calculated from the value of the monotonous 
part of the curve. In the sigma expression only the term with n = 1 was used, 
The results are somewhat better than those in [5.9] due to the additional data, 
The calculations in [5.9] were performed also with formula (5.9) of this article. 
The corresponding expression (1) for AG in [5.9] contains an error, viz. an extra 
factor of two in denominator. 
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Values of r = 0.72 ^m, L„ (0) = 1.96 |im and a = 0.116 |Lim. Oscil- 
lations with a gradually Falling amplitude were observed at higher 
temperatures too, up to 2.6 K. 

Pronounced oscillations in the magnetoresistance of a 1 |im diam- 
eter cylinder made from lithium film where peak spacings corre- 
sponded to the change hc/2e in the magnetic flux within the mean 
cross section of the hollow cylinder were also observed by Ladan 
and Maurer [5.12]. 

The interference mechanism of weak localization effects in dis- 
ordered conductors was clearly demonstrated in the described experi- 
ments which can be compared with the simplified formula (5.9) re- 
flecting the main features of the phenomenon. 

However, it is interesting to see how the AAS effect is manifested 
in other metals and to compare experimental data with a more 
sophisticated theory. 

It will thus be possible to evaluate the upper bound of the value 
of spin-orbital interaction in lithium and to derive quantitative 
data pertaining to the temperature dependence of T<p. 

5.3. EXPERIMENTAL OBSERVATIONS OF THE 

LONGITUDINAL MAGNETORESISTANCE 
OSCILLATIONS OF CYLINDRICAL FILMS 
OF DIFFERENT METALS, AND THE AAS EFFECT 

The first such experiments, as we noted before, were per- 
formed with superconducting samples (tin, lead, indium, alumin- 
ium, etc.) as their resistance has been measured in the region of the 
superconductive transition [5.4-7]. Strictly speaking, what had been 
observed were oscillations of the H c (T) curve for thin-walled tiny 
cylinders, produced as a result of quantizing the states of supercon- 
ductive electrons. (The Bohr-Sommerfeld condition was imposed on 
the motion of paired electrons around the cylinder.) When the 
samples are of good quality the oscillations corresponded to complete 
transitions from one phase to another. The R (H) curve is shown in 
Fig. 5.3 for an aluminium sample 1.33 |Lim in diameter at T = 
= 1.125 K, and is taken from Groff and Parks [5.6]. This curve clear- 
ly demonstrates that the phenomenon differs from the AAS effect. 

Significant difficulties were encountered in interpreting the results 
from Shablo, Narbut, Tyurin, and Dmitrenko [5.8]. They undertook 
a search for resistance oscillations in film cylinders with very small 
diameters, 2 X 10 _5 cm, and made from aluminium with an admix- 
ture of oxygen in the temperature range T > T c , with T c = 1.7 K. 
According to a theory by Kulik and Marchuzhenko [5.13-14] the 
oscillations should be related to the presence of superconducting 
fluctuations, and their amplitudes should be controlled by the factor 



Oscillations of Magnetoresistance 



231 



exp [ — 2nr/l (T)], where £ (T) is the coherency length of the super- 
conducting fluctuations, the length falling as J — T c grows, and 
2nr is the sample circumference. According to calculations, the 
oscillations should be observed near T c and disappear around 2.5- 

R A 




H 

Fig. 5.3. An oscillatory transition between superconducting and 
normal states in a magnetic field for an aluminium film: a = 2.5 X 10 ~ 5 cm, 
2r ~ 1.33 urn, b = 0.07 cm, R n « 9Q, T = 1.125 K [5.6]. 

3.0 K. In experiments, however, they were distinctly traced up to 
8 K (see Fig. 5.4): something which could not be explained at that 
time. 

After Altshuler, Aronov and Spivak published their paper [5.1], it 
was noted [5.15] that the mechanism they had suggested enabled 
the results Shablo et al. had obtained to be explained. Now the 




Fig. 5.4. Ai? (H) at T = 6.0 K for a cylindrical aluminium + oxy- 
gen film: a « 1.1 X 10" 6 cm, 2r = 2.4 X 10" 5 cm, R = 8000Q, T c = 1.7 
K [5.8]. 

temperature dependence of the amplitude incorporates the quantity 
Z/<p instead of the coherency length £ (T) and can be quite com- 
parable with 2nr over the whole region, where the oscillations were 
observed. 

When we were investigating cylindrical cadmium films (a super- 
conductor with T c = 0.55 K) for the AAS effect, we also observed at 
temperatures of 1.2-2.3 K the oscillations with a minimum at H =0 
(Fig. 5.5) and the positive longitudinal magnetoresistance (LMR) 
up to 4.2 K [5.15]. These experiments confirmed for samples with 
simpler composition the results obtained by Shablo et al. [5.8]. 
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In order to eliminate the influence of superconductivity, where 
possible, we started the experiments with magnesium, which is a 
normal conductor down to the lowest probed temperatures (0.017 K 
[5.16]). The oscillations observed in this case are shown in Fig. 5.6 
[5.15]. The arrows indicate the magnetic field strength values that 
correspond to the integer number of the flux quanta hc/2e, which 
pass through the hole in the Mgl sample, the hole diameter being 



0.1 - 
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Fig. 5.5. A/? (H) at T = 1.2 K for a cadmium sample (see 

Table 5.1). 

measured by scanning electron microscope. It might be assumed 
that these curves are those of a normal metal, however in this case 
too, the oscillations had a minimum at H = and LMR was posi- 
tive. 

Until now the opposite oscillation phase and a negative LMR 
have only been observed for lithium. 

It is possible to interpret all these experimental data, if the in- 
fluence of superconducting fluctuations (Larkin [5.17]) and of a chan- 
ge in the electron spin state during collisions on magnetoresistance 
of films (Hikami et al [5.18], Altshuler et al [5.19]) is taken into 
account in the AAS effect theory. The results [5.17 — 19] for the 
transversal magnetoresistance of plane films have been applied to the 
case of a hollow cylinder [5.9]. The resultant formula has the form 
of a difference between two terms containing Z-functions [see (5.10)] 
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R{H)-R(Q) 



n 2 h 



i? 2 



2nr 



+ yZ[Z<p (H), MO)] 

where 

1 1 2 



(5.11) 



^cp (#) 



ji 2 / aH \2_ l 
3 U fl / ~ Li i 



(#) 



Here r 60 is the spin flip time due to spin-orbital interaction, p is 
the positive correction term from [5.17] to take into account the 




10 20 30 40 50 

Fig. 5.6. &R (H) for Mgl and Mgll samples (see Table 5.1). 



influence of superconducting fluctuations. When T = 2T C , e.g. p ~ 
2, while near T c we have p = n 2 /[4 In (T/T c )], and at T > T c , 
P = ji 2 /{6 [In (T/T c )]*}. 

Notice that P =^= even for nonsuperconductive metals and tends 
to zero as the temperature falls. For good metals P ~ 10 ~ 2 in the 
helium range of temperatures. 

The change in the electron spin state during collisions can be 
taken into account in (5.11) in two ways depending on the collision 
type. 

Given interactions with paramagnetic impurities a loss of coher- 
ency can occur between conjugated waves due to a random change 
in the spin state of one of the beams. These events have an additive 
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contribution to the increase in the total reciprocal of the phase re- 
laxation time, 1/T(p. When there is a large quantity of paramagnetic 
impurities, the localization correction term vanishes completely. 

During collisions with nonmagnetic impurities, defects, or a 
sample surface, spin-orbital interactions can also change the elec- 
tron spin state within a certain period of time t so . A magnetic 
field impulse effecting the spin arises in the electron's frame of refer- 
ence as it travels through the electric field produced by a defect. 
It is essential for this case that an electron moving along the same 
trajectory in the opposite direction must have the same rotations of 
the spin state both in the opposite order and with the opposite signs. 
The coherency of conjugated waves for the given trajectory will 
thus be conserved. If x so <C t v , then after summing the intensities 
for the different return trajectories for all the possible rotations of 
the spin state the resultant intensity proves to be smaller than the 
simple sum of the intensities of all the waves and consequently the 
localization correction term changes in sign, viz. "antilocalization" 
occurs instead. The calculation for the limiting case of t^/t^ 
in this comparatively clear form was performed by Bergmann [5.20]. 
When t so decreases the second term in (5.11) becomes small, the mag- 
netoresistance changes in sign, and at t s0 <C T<p and p < 1 becomes 
half in absolute value the magnetoresistance that would be there 
in the absence of spin-orbital interactions for the same t^. 

The ratio of the cross section of the spin-orbital interaction to 
that of elastic scattering from an impurity with atomic number Z 
is, according to an estimate [5.21], equal to about (aZ) 4 , where 
a = 1/137 is the fine structure constant. 

A review of experimental data [5.10] shows that in the case of 
small pure samples with atomic number Z there is generally, to an 
order of magnitude, an analogous relationship, viz t 6 /t S0 = (aZ) 4 , 
where x b is the time between surface collisions. 

We shall now discuss the results of our experiments with dif- 
ferent substances. 



5.3.1. Magnesium 

Since T c < 0.017 K for magnesium [5.16] and p < 0.1 
at the temperature of our experiments, we neglected P in our esti- 
mates. 

The positive LMR and the appropriate oscillation phase having a 
minimum at H = in Fig. 5.6 should be caused by spin-orbital in- 
teraction. Notwithstanding the relatively small atomic number of 
magnesium (Z = 12), we shall have t^/tso > 1 at low tempera- 
tures, because rises whereas r so is not substantially dependent on 
temperature. 
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Processing the curves in Fig. 5.6 assuming T<p/T so ^> 1 yields 
results for the Mgl and Mgl I samples similar to each other and pre- 
sented in Table 1. When T<p/T so < 10, the agreement between the 
experimental and calculated data starts to deteriorate. 



Table 5.1. 



Sample 


Mgl 


Mgl I 


Cd 


' bath 


1 . 1 H 


1 . 1 IV 


\ 9 \L 
1 . 6 JS. 


Measuring current 


10 


10 \iA 


10 uA 


R 


9.2 kQ 


12.3 kQ 


3.1 kQ 


Length 


1 cm 


1 cm 


1 cm 


Filament diameter 








from microscopic 








measurements 


1.58 \im 






2r 


1.62 \\m 


1.66 |im 


1.92 jim 


*□ 


4.7 Q 


6.4 Q 


1.9 Q 


T <p/ T so 


> 10 


> 10 


x 10 2 


a 


9 X 10~ 6 cm 


1.0 Xl0" 5 cm 


1.2 xlO" 5 cm 


Lv (0) 


2.2 urn 


1.7 [im 


2.9 pirn 



Notice that when Bergmann [5.22] investigated the magnetore- 
sistance of plane cold-deposited magnesium films in fields normal 
to the film surface, he had T<p/T so < 1 at 4.6-20 K. 

We used plane magnesium films produced by our technique (con- 
densing at liquid nitrogen temperature in the presence of helium at 
a pressure of 10 - 3 Torr followed by annealing at room temperature), 
to measure normal magnetoresistance at liquid helium tempera- 
tures in order to trace the growth in the ratio T<p/T so as the temperatu- 
re falls. 

The reduced two-dimensional magnetoconductivity 

_ B n (H)-B o (0) 2 Ji*h 
g ~ Rfa e* 

is presented in Fig. 5.7 as a function of the reduced magnetic field 
h = knL% (0) H/<t> for the film having the resistance per square 
/?□ = 5.5 Ohm together with theoretical curves for g (h) at differ- 
ent values of tJt S0 and plotted according to [5.18]. Film thickness 
was determined from LMR measurements and proved to be equal 
to 6.4 X 10- 6 cm, whereas (0) = 1.26 fim at T = 1.07 K. While 
these film parameters are close to those of our cylindrical films, the 
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Fig. 5.7. g (h) for a plane magnesium Mm, a = 6.4 X 10 ~ 6 cin 9 
*>G i* 1 a * ransverse magnetic held. The heavy solid lines are experimen- 
HcT 5 \ V-l-07 K, U-3A6 K, III-4.2 K. The light solid lines are calcu 
tal cur ^rdins to [5.18] for different Tq>/r so values. 
lations accoru 



/tso rose ^ rom ^ to as temperature fell. An in- 

ratio ^ m perature by a few degrees from 4.2 K, evidently would 
crease ^ sam pi e from the "an tilocalization" to localization mode. 



5.3.2. 



Cadmium 



Since Z = 48 for cadmium, the estimated ratio t q) /r so 
for our experiments should, according to 15.10], be of a large value 
about 10 2 . This enables us to neglect the second term in (5.11). Our 
results are presented in Table 5.1. For an experimental temperature 
G f J* = 1.2 K, the value of |3 = 1.25 ± 0.1 corresponds, according 
to [5.17], to T c = 0.48 ± 0.02 K for our film. Since we did not 
measure T c directly for our cadmium sample, we can only say that 
the agreement with the theory was qualitative. The experiments 
with cadmium are an example of the AAS effect in a superconductive 
metal, where the presence of superconducting fluctuations leads to a 
significant amplification of the effect (in our case, about threefold). 
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Here the features of the interference mechanism are conserved, viz. 
it is both the diffusion of normal electrons and the phase difference 
between the conjugated electron waves enveloping the sample hollow 
which control the oscillations, whose amplitude is governed by the 
value of 2nr/Ly. 

5.3.3. Lithium 

We can evaluate the upper bound on xjx a0 for our sample 
using (5.11) and the data from the Fig. 5.2. The shapes of the 
curves near tJt 80 = proves that AR is rather insensitive to vari- 
ations in Tjp/Tgo so that, despite the comparatively high quality 
of the experimental curves we achieved for lithium, we still get 
practically the same good agreement with experiment for large 
values of T(p/T s0 (up to 0.2) as we got in Fig. 5.2 for which we as- 
sumed t^/Tso = 0. The calculated film thickness is the same here and 
for Fig. 5.2 to an accuracy of 1%, though the value of (0) no- 
ticeably increases from 2.2 \im for T<p/T so = up to (0) = 3 |im 
for t^/Tso = 0.2. 

The published data concerning t s0 for lithium have a sizable 
spread, and for samples produced by sputtering in neutral gas the va- 
lues of t & /t s0 amount to 10~ 5 « 10 2 (aZ) 4 . From this viewpoint, a va- 
lue of T(p/T 80 = 0.2 at T = 1.1 K is quite feasible. At higher tempera- 
tures, however, this value should be reduced in proportion to T<p. 

The AAS oscillations have been measured at temperatures up to 
2.6 K and monotonic LMR observed up to 4.22 K. By finding the 
film thickness at 1.1 K from the LMR value, we can calculate both 
(0) and V 

Given a value of p«Z = 1 X 10 - 11 Q«cm 2 for lithium from the 
model of free electrons, we obtain a value for the elastic path Z e = 
= pZ/(i? a «a) = 9 X 10~ 7 cm (from Fig. 5.2 data) and the values of 
iq, = 3Ll/l e and r<p = Z<pz; P (v v = 1.2 X 10 8 cm/s for free elec- 
trons). A summary of all the data for Z<p (T) is presented in Fig. 5.8, 
where lAj/Zq, is plotted along the ordinate axis in the form of seg- 
ments whose upper end corresponds to the calculation for T<p/T s0 = 
and whose lower one to the calculation for T<p/T s() = 0.2 at 1.1 K. 

At f > 2 K, where any temperature difference between the 
sample and the helium bath can be neglected, the points fall along 
a straight line corresponding to the expression 1/Z<p = CT 2 where 
C = 2.8 ± 0.1. This result is of course tentative being the character- 
istic of only a single sample. The value of the T 2 coefficient can 
substantially depend on the technique for making the film. For 
bulk lithium the temperature dependent fraction of resistance varies 
from 1.2 to 10 K as T 2 [5.23-24] due to electron-electron collisions. 
Yet this mechanism makes a tenfold smaller contribution to 1/Tq, 
than it does in our case. 
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The estimates of the additional small-angle electron-electron 
scattering that should occur in disordered films, and which is pro- 
portional to T [5.25] yield a contribution within our temperature 
range that is also tenfold smaller than the observed value. 

Electron-phonon scattering in disordered conductors has been in- 
vestigated in a number of theoretical works (see, e.g. [5.26-31]), 

1/^U,cm V2 ,X 
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/ 
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/ 



T,K 



OL^ I | | L 



1 

Fig. 5.8. 1/ Y~Li versus T for a cylindrical lithium film. # is a 
calculation at T<p/x so = 0, ■ is a calculation at T(p/x s0 = 0.2 for 1.1 K. The 
T > 2.6 K data were obtained from LMR measurements. Dashed line indicates 
the function l/lq> = 2.8 T 2 . 

yet the problem does not at all seem to be finally resolved. Taylor 
[5.27] proposed the following relationship at low temperatures for 
the additional resistance Ap, caused by an inelastic scattering of 
electrons from impurities, 

Ap/po - n 2 p 2 T 2 /2M& = AT 2 [(5.12) 

where p 2 is the mean square of the momentum transferred in a colli- 
sion, M is the mass of ions of base material, p is the residual re- 
sistance, and is the Debye temperature. Relations whose coeffi- 
cients of T 2 are close by order of magnitude to each other were also 
obtained in the works [5.28-31]. Let us compare our results with 
the relatively simple expression (5.12) keeping in mind that 
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the region of the applicability of (5.12) is limited from the low 
temperature side by the temperatures for which the phonon wave- 
length is smaller than electron's path (see [5.30]), whereas in our 
temperature range they are of the same order. 

Substituting into (5.12) M for lithium and = 344 K and putting 
p 2 = 2p% for the isotropic scattering according to the free electron 
model yields A « 2 X 10 - 6 K~ 2 , whereas for our film IJl^ = 
= 2.5 X 10- 6 T 2 . 

It has to be mentioned that (5.12) was earlier confirmed in an 
experiment at 0.18 K ^ T 7 ^ 1.3 K for a set of bulk samples made 
from alloys of potassium and rubidium, and the proportionality 
between Ap and p verified [5.32]. The quadratic dependence of 
1/t<p on T was observed for films by Bergmann in the case of mag- 
nesium [5.22], and by Gershenzon et al. for silver and copper [5.33]. 
The coefficients in those cases are in agreement with (5.12) or anal- 
ogous relations to an order of magnitude though x<p was not found 
to be proportional to T e in either study. Here further investigations 
will be of undoubted interest. 

5.4. CONCLUSION 

The main aim of our experimental search for the effect 
predicted by Altshuler, Aronov, and Spivak was to observe directly 
the interference of electron waves scattered from defects, this inter- 
ference being responsible for the weak localization of electrons in 
disordered conductors. 

We have demonstrated that these interference phenomena are 
distinct not only in a simple case (exemplified by lithium), but also 
in the presence of factors which complicate the picture (supercon- 
ducting fluctuations, spin-orbital interaction of electrons). The new 
observations of the AAS effect see in [5.34-38]. 
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Brillouin-Mandelshtam Scattering* 
" In Magnetic Materials 

A. S . Borovik- Romanov, Mem. ussr Acad. Sc., and 
N .M.Kreines, D. Sc. (Phys. and Math.) 

6.1. INTRODUCTION 

Combination scattering of light was independently dis- 
covered in 1928 by Landsberg and Mandelshtam** in quartz crystals 
[6.1.] and by Raman and Krishnan [6.2] in liquids. It is an import- 
ant method for investigating the spectra of elementary excitations in 
a substance [6.3]. The phonon spectra in crystals were then studied 
in great detail and a following terminology was developed***. 
The scattering from optical phonons is accompanied by relatively 
large frequency shifts of between 300 and 3000 cm -1 , and was 
named combination scattering of light (CSL) or the Raman effect. The 
light scattering from acoustic phonons is called Brillouin-Mandelsh- 
tam scattering (BMS) or Brillouin scattering (BS). Mandelshtam 
[6.5] and Brillouin [6.6] independently predicted the effect, and it 
was discovered experimentally by Gross [6.7]. 

The elementary excitations in magnetic materials are spin waves, 
or magnons. Single-sublattice ferromagnets possess only one branch 
of spin waves, frequently called the acoustic branch, though there is 
always a narrow gap whose energy is of the order of the sum of the 
anisotropy and Zeeman energies, (0.1-1.0 cm -1 ), and the frequency 
is quadratic in the wave vector. In multi-sublattice ferromagnets 
there is always one low frequency acoustic branch of the spin waves 
together with several other branches, generally called "optical" 
branches, whose energy is of the order of the exchange energy 
(100-1000 cm -1 ). The spectra of most antiferromagnets have sub- 
stantial gaps with energies equal to the exhange energies (100- 
1000 cm -1 ), or equal to the geometric mean of the exchange and 
anisotropy energies (1-100 cm -1 ). However, some types of antiferro- 
magnets (easy plane and cubic) have spectra with an additional 
"acoustic" branch. The gap in this branch is comparatively small 
(< I cm -1 ). It is quite natural to apply this classification of scatter- 
ing types to magnons. That is, assign the term combination scatter- 
ing to magnon branches with substantial gaps (more than 10 cm- 1 ), 
and the term BMS to the "acoustic" branches. 

The first experiments to observe the scattering of light from mag- 
nons were set up by Fleury et al. [6.8-10]. They observed scattering 

Also Brillouin scattering, see below. 
Also transliterated Mandelstam. 
The terminology is discussed by Ginsburg in [6.4]. 
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from magnon branches with noticeable gaps (3-5 cm -1 ) in the energy 
spectra for the antiferromagnetic fluorides of the transition elements. 
BMS from magnetic materials was first investigated by Sandercock 
and Wettling [6.11] in yttrium-iron garnet (YIG). These experi- 
ments were made feasible by the high contrast multi-pass Fabry- 
Perot interferometer Sandercock [6.12] had developed. 

Light scattering can be also observed from the spin system of a 
paramagnet in a magnetic field. This was observed in semiconduc- 
tors for free charge carriers [6.13] and in a paramagnetic crystal 
[6.14] for magnetic ions. 

Magnon energies typically observed in BMS lie around 30 GHz 
(«1 cm -1 ). At these frequencies the spin system can be easily ex- 
cited by microwaves at ferromagnetic and antiferromagnetic reson- 
ance (FMR and AFMR) or by the parametric pumping of the spin 
waves. The observation of spin waves by BMS after they have been 
pumped by microwave power broadens the study of the relaxation pro- 
cesses of spin waves. We were able to report the first observation of 
AFMR relaxation in CoC0 3 by BMS [6.15]. Kreines and Zhotikov* 
[6.16] then discovered light scattering from magnons and phonons 
created by parametric pumping. A combination of microwave pump- 
ing and optical spectroscopy appeared to be effective in another type 
of experiments, where satellites were observed in the spectrum of light 
passed through a crystal in which a resonance (FMR, AFMR,onEPR) 
was excited. This result can be regarded as BMS from coherently pum- 
ped excitations that have the wave vector q = 0. It can be also treated 
as a modulation of light by FMR, EPR or AFMR. Hanlon and Dil- 
lon were the first to do such experiments using a ferromagnetic 
crystal, CrBr 3 [6.17]. 

Up to now, the number of experiments on BMS in magnetic ma- 
terials has not been large, and they are reviewed in [6.18-19]. 

We shall in this article only consider the work on light scattering 
from magnetic materials done at the Institute for Physical Problems, 
Academy of Sciences of the USSR (Moscow). In the cou rse of the investi- 
gation light scattering from magnons was discovered in the antiferro- 
magnetic CoC0 3 and the constants characterizing the magnon spec- 
trum [6.20] were obtained. For the first time, the energy of the mag- 
non dipole interaction for magnetic materials was experimentally 
discovered and measured. The optical observation of pumped spin 
waves in C0CO3 enabled us to show that there is a "bottle-neck" in 
the AFMR relaxation process with energy being transferred [6.21]. 
Modulation of light under resonance conditions has also been ob- 
served in the ferromagnetic K 2 CuF 4 [6.22], ferrimagnetic RbNiF 3 
[6.23], and in the paramagnetic neodymium-gallium garnet, 
Nd 3 Ga 5 O i2 [6.24]. The intensities of the Stokes and anfci-Stokes sat- 
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ellites in RbNiF 3 were found to be substantially different and this 
anomaly has been explained. The first experiments on the parametric 
excitation of magnons [6.16] proved that the created magnons had a 
frequency of half the exciting microwave frequency. The dependence 
of the number of created magnons on the pumping power was also 
studied. 



6.2. MAGNETOOPTICAL EFFECTS 

AND THE MECHANISM OF LIGHT SCATTERING 
IN MAGNETIC MATERIALS 

The establishment of magnetic order in a crystal brings 
about a change in its optical properties. We shall only consider 
transparent crystals below. Therefore, by neglecting light absorption, 
we shall be interested in only two magnetooptical effects, namely 
circular birefringence, or the Faraday effect ((Pmcb)» and linear 
birefringence (Y M lb)- General symmetry considerations impose cer- 
tain limitations on the form of the tensors which correspond to these 
effects and describe the change in the dielectric permittivity of a 
magnetically ordered crystal. We shall also describe the magnetic 
order in ferromagnets and ferrimagnets by the magnetization vector 
M, while in antiferromagnets we shall use two vectors, i.e. the mag- 
netization M = M x + M 2 and the antiferromagnetic vector L = 
= M 1 — M 2 , where M x and M 2 are the magnetization vectors of 
the sublattices. The change in crystal permittivity due to magnetic 
ordering can be written down as an expansion in terms of the corre- 
sponding ordering vectors M and L. These expansions have the fol- 
lowing form for ferromagnets, ferrimagnets and antiferromagnets: 

Ae< ft = fikaMa + g ik *iM a Mi (6.1) 
= fih*La + gik*fiL a Lfi (6.2) 

where i, x, y, z. In the absence of an external field, the linear 
term in (6.2) only occurs in antiferromagnets with weak ferromag- 
netism. The form of the expansion is determined by the crystal 
symmetry. But first we must allow for two general symmetry con- 
siderations (see, e.g. [6.25]): 

1. If there is no absorption, the tensor e ik must be Hermitian, 
i.e. 

Ae lfc = Ae<£ (6.3) 

2. The principle of kinetic coefficients symmetry imposes the 
following condition with respect to the magnetic field H (or, simi- 
larly with respect to the vectors M and L, which, like H, change 
sign for a time reversal operation): 

Ae ik (H) = Ae M (-H) (6.4) 
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Conditions (6.3) and (6.4) lead to a distinction between the prop- 
erties of the tensors Ae^, which have parts linear or quadratic in 
the components of the ordering vectors. 

The part of Ae^ linear in M a is a purely imaginary antisymmetric 
tensor, 

(Ae |fc )i = ifikaM* (6.5) 

This tensor describes the Faraday effect (O MC b). In the simplest 
case of a cubic crystal, where the magnetization M is directed along 
the z-axis, only two components of the tensor have nonzero values, 
namely f xyz = — f yxz = — /. Let us consider a plate of crystal whose 
planes are perpendicular to the direction of the magnetization (i.e. 
the z-axis). The plane of polarization of a light beam which passes 
through such a plate along the z-axis will be rotated through the 
angle 

»« C b--S-^ (6.6) 

where co is the circular frequency of light, d is the plate thickness, c 
is the light velocity, and n = V"e xx is the refraction index of the 
crystal. The Faraday effect results from the fact that the refraction 
circular right-handed (+) and left-handed (— ) waves are different 
for light propagating in the magnetization direction: 

/4 = eL ± fM (6.7) 

The part of Ae ift that is quadratic in M a (or in L a ) is a real sym- 
metric [tensor 

(Ae ift ) 2 = ?ifta P M a M p (6.8) 

The tensor gma^ is symmetric in both the first and second pair of 
indices. Therefore, it can be more conveniently written in matrix 
form, gihab — gim (wherei, m = 1,2, . . ., 6). The symmetry of 
the tensor gikafl results in" additional magnetic terms both for non- 
diagonal components, as in the case of linear terms (6.5), and for 
diagonal components of the permittivity tensor e ik . Changes in the 
diagonal components lead to variations in crystal birefringence. 
The squares of antisymmetric tensor components (6.5), also contrib- 
ute to the magnitude of magnetic birefringence (see, e.g. [6.26]). 

Since we shall be presenting experiments with CoC0 3 we now 
consider the form of tensor (6.8) for this crystal in more detail. 
The CoC0 3 crystal is trigonal with group symmetry. Below 
Tjsi = 18 K C0CO3 passes to an antiferromagnetic state with weak 
ferromagnetism [6.27]. The antiferromagnetic vector L lies in a 
basal plane (perpendicular to the trigonal axis), the weak ferromag- 
netic vector M D also lies in this plane and is perpendicular to L . 
In the basal plane, anisotropy is practically absent. If a magnetic 
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field is imposed in the plane, the magnetization vectors of sublat- 
tices rotate so that M || H. Then L J_ H and the magnetization vec- 
tor M depends on the field as follows: 

M = M D + x x H (6.9) 

where 4jiM d = 647 Gs, and x x = 1.8 X 10~ 3 emu. 

When in the paramagnetic state, CoC0 3 is a uniaxial crystal 
with its optical axis along the trigonal one (z). At room tempera- 
ture, the refraction indices are n = Y^xx = V^yy = 1.855, and 
n e = V^7z = 1.60. 

Optical studies [1.28] indicated that there is no Faraday effect 
in CoC0 3 (^mcb < 100 deg/cm) at temperatures below T N . There- 
fore, we only need to consider the form of the tensor (Ae^ from 
(6.8) to describe its magnetooptic properties in an ordered state. 
The tensor components are presented so as to distinguish which terms 
are independent of the direction of the vector L (isotropic contribu- 
tions) and which are determined by components of L (anisotropic 
contributions) [1.28]: 

*xx = e±+i (gn + £12) L 2 + g*Ll + g lk L 2 L y + 1 g 66 {LI - LI) 
e yy = e°± + -| + g i2 ) L 2 + g*L* z - g ik L z L y - ± g e6 (LI - LI) 
*zz = *\ +gziV+{gzz-gzdL\ (6.10) 

Zyz = Zzy = gu L z L y + 2gu(L 2 x — Ll) 

^xz = e zx = gkk^z^x + 2g ki L x L y 
1 

e xy = e yx = Y guL z L x + g 66 L x L y 

Here g* = g 13 — 1 ( gll + g 12 ), g 66 = 1 (g u — g 12 ), and the z-axis 

is directed along a second order axis. 

This tensor together with experimental data reveals the following 
two magnetooptic effects. First, there is a change in the magnitude 
of the main birefringence of the crystal. This change is determined 
(if L z = 0) by the first terms of the expansion of the diagonal com- 
ponents, e ik . Second, and this is very important for our later dis- 
cussion, if L x or L y =7^ then the C0CO3 crystal becomes 
biaxial. In particular, birefringence arises for the light beam prop- 
agating along the z-axis . For the external field directed along the 
z-axis the difference between the refraction indices for waves polar- 
ized along the i/-axis and the z-axis, respectively, will be: 
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The experimental value for this difference is 2.7 X 10~ 4 . This cor- 
responds to the phase difference for the propagating waves, i|)lmb — 
= 1500 deg/cm (for K = 633 nm). 

Let us turn to the mechanism of light scattering from magnetic 
excitations. The mechanism of direct interaction between the mag- 
netization vector of the light wave and the spin oscillations that 
had been put forward by Bass and Kaganov [6.29] proved to be inef- 
ficient. In reality, the magnetic light scattering proceeds via virtual 
electro-dipole transitions which due to spin-orbital interactions can 
cause a change in the magnetic quantum number [6.30-32]. Thus as 
in the case of phonons scattering is determined by fluctuations in 
the electrical permittivity which arise from the magnetic ordering 
fluctuations owing to the above magnetooptic effects. 

From the quantum viewpoint, the inelastic scattering of light is 
when one medium absorbs one photon (hv l ), emits another of a differ- 
ent energy hv s , and as a result passes into a new quantum state. 
In so doing, a single elementary excitation is originated (or annihi- 
lated) in the medium. The frequency v q and the wave vector q of 
this excitation are unambiguously determined by the conservation 
laws of energy and momentum: 

hv = hv* ± hv qi K 8 = K 1 ± q, (6.12) 

where h is Planck's constant, and the superscripts s and i refer to 
the scattered and incident light, respectively. A "+" sign corre- 
sponds to the annihilation of a quasiparticle during scattering, i.e. to 
an anti-Stokes process, while a " — " sign corresponds to the origin- 
ation of a quasiparticle, or a Stokes process. In BMS, the quasi- 
particle energy is much less than that of a light quantum, hence 
| K i | = | K s |. As a result, the magnitude and direction of q are 
unambiguously determined by the scattering geometry given v\ One 
should take into account, however, the refraction index of the me- 
dium and this complicates the problem for anisotropic crystals. 

The theory of light scattering is covered elsewhere (see, e.g. 
[6.25]), but to proceed further it is important to note that the inten- 
sity of the scattered light is proportional to the mean square of the 
permittivity fluctuations, | 88^ | 2 . The fluctuation amplitude be ih 
is determined by the oscillation amplitude of the vectors M (r, t) 
and L (r, t) in a spin wave. In order to determine this amplitude we 
must linearize the expansion of [(6.1) or (6.2)] in terms of com- 
ponents of the vectors M t and L f , which are oscillating in the spin 
wave. In the simplest case of a cubic or uniaxial ferromagnet, every 
spin in the spin wave precesses in a circular cone. If the magnetiza- 
tion vector M lies along the z-axis, the spin wave will be described 
by the variables M x and M y : 

\M x \ = \M y \=M ± 
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Accordingly, the nonvanishing components of 6e ih are: 
$£xz = —if M y + g kk M M x 

6e zx = if M y + g, k M Q M x (6.13) 

6e yz = ifM x + g^M.My 

tezy = -ifM x + g u M M y 

Auld and Wilson [6.33], Hu and Morgen thaler [6.34] and Le Gall 
and Jamet [6.35] all observed that scattering is due to both linear 
and quadratic magnitooptic effects. The incorporation of both 
effects results in an anomaly. Since the Faraday effect is described 
by an imaginary term, the intensity of scattering P s appears to be 
different for the Stokes and anti-Stokes satellites. Namely, 

~ (fc*M ± ffM\ (6.14) 

Here the sign corresponds to the Stokes component, whereas 
the " — " sign to the anti-Stokes one in the scattering spectrum. 
Wettling, Cottam, and Sandercock [6.36] demonstrated that in the 
case of scattering in YIG (yttrium-iron garnet) in addition to 
the above two magnetooptic effects one should take into account two 
other effects connected with absorption, i.e. magnetic circular di- 
chroism (Ae f fe = fihaM a ) and magnetic linear dichroism (Ae^ = 
= igika$M a M p ). We shall come back to this problem later when 
we discuss the investigation of BMS in RbNiF 3 . 

An important topic concerns the relation between polarization of 
incident and that of scattered light. In order to elucidate the matter, 
let us use the expression for the electric vector of the scattered wave 
16.25]: 

E s ~ [K s [K«GJ] (6.15) 
where 

G t = j5e lfc 4exp[-i(K a -K l )r]dV (6.16) 

and r is the radius-vector of the volume element of the scattering 
medium. Here e\ is a component of a unit vector characterizing the 
polarization of the incident light wave E*. If q is the wave vector of 
a spin wave, then Ae ih can be written as | Ae,ft | exp (±£qr) so 
that 

GiOc(\8e ik \ e\) (6.17) 

given that the conservation laws of energy and momentum are sati- 
sfiedfsee (6.12)]. By using (6.15) and (6.17) it is possible to get all the 
information concerning the relationship between the polarization 
of the incident and scattered waves. During scattering from a spin 
wave the light polarization, as a rule, appears to rotate through 90°. 
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6.3. APPARATUS AND SAMPLES 

6.3.1. Apparatus 

In order to investigate light scattering an experimental 
setup has been created which permits an investigation of the light 
spectrum scattered from thermally and microwave excited quasi- 
particles at T ^ 2 K for a broad range of magnetic fields from to 
30 kOe. 

(A) For the spectral device we used a multi-pass high-contrast 
scanning Fabri-Perot interferometer (FPI) manufactured in the US 
by Burleigh. The interferometer is able to work in both the three 
and five pass modes, the contrast being either 5 X 10 6 or~ 10 8 , 
respectively. A detailed description of the multi-pass interferometer 
can be found in Sandercock [6.19]. 

A He-Ne laser with K = 632.8 nm and an output power P of 30- 
50 mW and an Ar laser with X = 488.0 and 514.5 nm and P ~ 
~ 200 mW were used as the light sources. 

The experiments were performed for three scattering geometries. 
Direct (or small-angle) light scattering enables us to study quasi- 
particles with a zero, or small, wave vector q. In the cases of the 
90° and 180° geometries, quasiparticles with a wave vectors of q ~ 
~ 10 5 cm- 1 were studied. The exact value of | q | was determined by 
the scattering geometry, the wavelength of the incident light, and 
the refractive indices of the sample. 

A diagram of the setup to observe BMS using a triple-pass FPI 
is shown in Fig. 6.1. The same setup can be used to examine all three 
geometries indicated earlier. The laser light is focused onto the 
sample S by one of three lenses L x , L 2 , L 3 (depending on the geo- 
metry used). The scattered light is collected by the L 2 lens and fo- 
cused by the L 4 lens onto the pinhole P 2 of the input collimator 
P 2 -L 5 , whence the light passes to the FPI. The distance between 
the FPI mirrors is scanned by piezoelectric rods P. The figure shows 
the three-pass FPI with the corner cubes CC. The light from the 
FPI output is directed into the output collimator L 6 -P 3 and having 
passed through the pinhole P 3 it hits a cooled photomultiplier PM. 
Thereafter, a conventional photon counter follows with a preampli- 
fier PA whose output is connected to a multichannel analyzer which 
is a part of DAS-1 system. The analyzer is synchronized with a 
sweep oscillator that controls the piezoelectric rods. The DAS-1 
system simultaneously and automatically adjusts the interferome- 
ter mirrors. The spectrum is projected onto the screen of the multi- 
channel analyzer and can be recorded. 

(B) Exciting quasiparticles with microwave power is performed by 
the conventional microwave technique. In order to apply a micro- 
wave field to the sample we used a simple microwave spectrome- 
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ter with direct amplification. We used a clystron with a generation 
frequency of = 36.2 GHz, and two magnetrons running in a 
stationary mode at frequencies of v x = 36 GHz and v 2 = 51 GHz 
as the sources of the high frequency power. The maximum power in 
the experiments amounted to 500 mW. The sample was glued to a 
short-circuiting waveguide plunger. The sample was located in the 
antinode of the magnetic microwave component. The waveguide 
walls have special holes to pass light. The reflected microwave sig- 
nal was detected by a crystal pick-up and applied either across the 
oscilloscope input or to the [/-coordinate input of an ^-recorder, the 
^-coordinate receiving a signal proportional to the magnetic field 
strength. The input microwave power was monitored by a power 
meter in the second branch of a calibrated directional coupler. The 
following formula was used to calculate the microwave field ampli- 
tude inside the waveguide [6.37]: 

h mw = (AP/abz) 1 ' 2 (6.18) 

where P is the power in W, a and b the dimensions of the waveguide 
cross section in m, z = 120 nk g IX the waveguide impedance in Q, 
Kg the wavelength inside the waveguide, and X the wavelength in 
free space. It should be noted that the wave attenuation inside 
waveguide was not taken into account. 

(C) At low temperatures a metallic helium cryostat was used, 
which had four pairs of windows made from fused quartz and at 
90° to one another. The experiments were performed at T from 1.7 
to 2.0 K, and the sample was immersed into a bath with superfluid 
helium. 

A magnetic field was produced using superconducting magnets 
equipped with special holes to pass through light. By using magnets 
with different designs a magnetic field would be established in three 
mutually perpendicular directions. 

6.3.2. Samples 

Depending on scattering geometry, several differently 
shaped crystal samples were used. In the direct scattering (modula- 
tion of light) test disks of diameters from 0.5 to 2.0 mm and thick- 
nesses from 0.1 to 0.3 mm were usually used. This shape enabled 
the demagnetizing fields to be taken into account more precisely. 
Rectangular parallelepiped 1 X 1.5 X 2.0 mm samples were pre- 
pared to study the 90° scattering. For the backscattering tests we 
used a special shape that enabled the light beams reflected from the 
back wall of the sample to swing out of the way. 

The alignment accuracy of the samples was about 1-2°. Their 
surfaces were optically polished. 
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6.4. SPECTRA OF THERMAL MAGNONS IN C0CO3 

The BMS investigation of spin wave spectrum was per- 
formed with the G0CO3 rhombohedral antiferromagnet, which pos- 
sesses weak ferromagnetism. The spin wave spectrum for antiferro- 
magnets with "easy plane" anisotropy contains a low frequency 
branch [6.38-39]. The AFMR data [6.40-41] show with a rather high 
accuracy that for C0CO3 the gap in this spectral branch has a zero or 
very narrow width. The absence of a gap within this branch allows 
it to be investigated by BMS. Further on, we shall only be interested 
in the low frequency branch of the spin wave spectrum. 

Because of the relatively high ferromagnetic momentum in CoC0 3 
(see Sec. 6.2) a magneto-dipole interaction must be taken into ac- 



z 




Fig. 6.2. Diagram of motion of the antiferromagnetism vector 
L and magnetization M for an easy-plane antiferromagnet in the low-frequency 
mode. 



count when calculating the low frequency part of the spectrum. The 
dispersion law of this branch, with due account for the magneto-di- 
pole interaction, was derived in [6.42-43] and has the following form: 

v* = f [H (H + H D ) (1 + 4nx ± cos 2 9) 

+ 4jix ± (H + H D f sin 2 6 sin 2 cp] + a 2 (0q>) q 2 (6.19) 

where q is the magnon wave vector, y is the gyromagnetic ratio, 
and and (p are the polar and azimuth angles of q in the frame, 
where the z-axis is parallel to the trigonal axis and the #-axis is 
parallel to the field applied in the basal plane. A diagram of the 
oscillations of a spin system in the low frequency branch of spin 
waves is presented in Fig. 6.2. In the first approximation, these 
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oscillations can be described as swinging the L vector in the basal 
plane and precessing the M vector around the x-axis, L and M 
being mutually perpendicular. As a result, the low frequency spin 
waves are described by the oscillations 6L X and 8M y , 6M 2 . 

A description of the light scattering from these spin waves can be 
done using the magnetic part of the dielectric permittivity tensor 
for C0CO3. The components of this tensor were given in Sec. 6.2 
[see (6.10)1. By linearizing the components in the spin wave ampli- 
tude 6L X we get the expression for the components of the G vector 




2 K [6.20]. 



40 20 
Frequency shift, GHz 

Fig. 6.3. A spectrum of BMS from magnons in C0GO3 at T 



that controls the components of the electrical vector of the light 
wave scattered due to anisotropic birefringence [see (6.15) and (6.17)1: 



G v = 
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Here L = 2M Q is double the magnetization vector of the sublat- 
tices. An analysis of (6.20) reveals that the light's polarization rota- 
tes through 90° during the scattering from a spin wave. The light 
scattering from the magnons of the low-frequency branch of the 
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spin waves in CoC0 3 was investigated [6.20, 6.44, 6.45] for the 
wavelength X = 632.8 nm at superfluid helium temperatures (T ^ 
2K). The magnons with the wave vector | q | = 2*5 X lC^cm- 1 
(90°-scattering) were studied when propagating along three rational 
directions: z-magnons along the axis C 3 (0 = 0°), .r-magnons in the 
basal plane (6 = 90°, (p = 0°), and z/-magnons (0 = cp = 90°). 

Figure 6.3 demonstrates a BMS spectrum for thermal z-magnons 
in CoC0 3 at the fixed external magnetic field. A change in the mag- 
netic field changes the positions of the satellites corresponding to 
the scattering from magnons. The main experimental results are 
shown in Fig. 6.4 as the squares of the magnon frequencies versus the 




H.kOe 

Fig. 6.4. Dependence of squared magnon frequency on the magnet- 
ic field strength for three directions of magnon propagation in the G0CO3 crys- 
tal. q z is the direction along the axis C 2 [111]; q x , q are directions in the basal 
plane which are parallel and perpendicular to the magnetic field, respectively 
[6. 20]. 



applied magnetic field for the three directions of the magnon wave 
vector q. The solid curves in Fig. 6.4 are drawn according to (6.21). 
The figure illustrates a satisfactory agreement between the experi- 
mental data and the theoretical curves. These results provided the 
constants y, H D , a x , a y , a z . It appeared (and it is consistent with 
the theory) that a x = a y = a L = 1.2 X 1CH 5 kOe-cm to within 
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the experimental error. The exchange constant a z = a\\ = 0.9 X 
X 10" 5 kOe-cm. In the course of the BMS experiments in CoCO^ 
all three branches (q \\0x, Oy, Oz) of the low-frequency part of 
spin wave spectrum were detected. The agreement of the data with 
(6.19) lent support for the validity of the calculations of the dipole's 
contribution to the magnon energy for an easy plane antiferromag- 
net with weak ferromagnetism. It was found, in particular, that 
such an antiferromagnet differs from an isotropic ferromagnet in 
that in the former only spin waves propagating along the direction 




01 23456789 10 



Fig. 6.5. Low-frequency spectrum, v (q), for CoC0 3 . Solid curves 
correspond to H = while dashed ones to H = 1 kOe. Points indicate experi- 
mental values obtained for q = 2.5 -10 5 cm -1 , 



normal both to the magnetic field and to the easy axis possess a 
higher energy. This is illustrated in Fig. 6.5, where two spin waves 
spectra v q (q) are shown for clarity. They are drawn according to 
(6.19) using the experimentally determined constants. The solid 
line is for the spectra given an external field H = and the dashed 
line is for H = 1 kOe. As can be seen from the figure, the dipole- 
dipole interaction in the zero magnetic field results in the additional 
energy of magnons which propagate along the y-axis and having 
a spectrum with a gap of 24 GHz. 
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6.5. MODULATION OF LIGHT BY 

MAGNETIC RESONANCE 
IN MAGNETIC MATERIALS 

6.5.1. General Remarks 

In this Section we shall dwell on the spin systems of differ- 
ent magnetic materials (see Introduction) excited by a magnetic 
resonance. The studies were performed by the BMS method using 
direct scattering. As mentioned above, direct scattering enables 
spin waves with q = to be investigated. The excitation of a uni- 
form precession (resonance) in a substance is accompanied by an in- 
crease in the number of spin waves with q = and frequency v equal 
to that of the exciting microwave power source, v res . This in turn 
leads to an increase in the intensity of the light scattered from the 
quasiparticles. As a result, under resonance conditions, a direct 
scattering spectrum contains two intense satellites whose frequen- 
cies differ from that of the incident light by ±v res . However, the 
subjects of investigation include a conventional paramagnet which 
cannot be represented in the language of quasiparticles. Hence, for 
generality we shall offer a quasiclassical description of the phe- 
nomenon. 

Let us consider two extreme cases, when light scattering is due to 
either Faraday effect or anisotropic magnetic birefringence only. 

In the first case light scatters from oscillations of magnetic mo- 
ment, the latter being spontaneous in ferri- and ferromagnets and 
induced by an external magnetic field, in paramagnets. 

The experiments are performed with geometries where the direc- 
tion of incident light is perpendicular to the magnetic field H. In 
the absence of resonance, the optical system is aligned for the mini- 
mum intensity of the transmitted light. Under resonance conditions 
the magnetization vector M precesses in phase with microwave field. 
A transverse magnetization component M l9 i.e. M ± _[_ H (see 
Fig. 6.6), oscillating in the light propagation direction, changes the 
intensity of the transmitted light at the frequency 2v res , i.e. this 
component modulates the transmitted light at this frequency. An 
analysis of the transmitted light by means of an interferometer re- 
veals two satellites with the frequencies v { ± v res in the spectrum. 
In order analytically to describe this phenomenon, a formula is avail- 
able that was derived by Hanlon and Dillon [6.17]: 

E* = — -i Q>E\ exp ( — a//2) {cos 2ji (v* + v res ) t + cos 2n (v* — v re? ) t} 

(6.21) 

where al characterizes absorption in the sample and v* is the inci- 
dent light frequency. This formula yields an intensity of satellites 
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which is proportional to the squared angle of Faraday rotation O 
and, consequently, to M'\. 

In the second case, light can scatter from oscillations of both 
ferromagnetic and antiferromagnetic vectors. The light scattering 
due to anisotropic magnetic birefringence was observed in GoC0 3 . 
Taking this compound as an example we shall describe the picture 
of scattering under antiferromagnetic resonance. Incident light pro- 
pagated along the trigonal axis C 3 of the crystal. Such a geometry 
suggests only a magnetic birefringence in a plane perpendicular to 
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Fig. 6.6. Diagram of the experimental setup. PG— pulse genera- 
tor, CS— klystron supply, G— klystron, A lT A 2 — attenuators, W— wavemeter, 
D— microwave detector, PM— photomultiplier, R— recorder, FS— field scanner, 
SG— scanning generator, PC— photon counter, FP— Fabry-Perot interferome- 
ter. Below is given the scheme explaining modulation of light due to Faraday 
effect. 



C 3 , i.e. in the basal plane. Positions of the principal axes of the 
tensor corresponding to a magnetic contribution into permittivity 
in this plane are governed by the position of the antiferromagnetic 
vector L. Position of the latter in the absence of AFMR is controlled 
by the direction of the magnetic field in the basal plane. Under a 
uniform resonance all spins of the sample oscillate in phase. An 
oscillation of the L vector is equivalent to that of the principal axes 
of the tensor about their equilibrium positions with the resonance 
frequency (see Fig. 6.2). Let us assume that in the absence of AFMR 
the entire optical system is compensated so that the photosensor de- 
tects a minimum light flux. When exciting a resonance at the fre- 
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quency v res , the system will modulate the transmitted light at the 
frequency 2v res , which is to say that the components at the shifted 
frequencies, v ± v res , (v is the incident light frequency), are pre- 
sent in the spectrum of light transmitted through the crystal. 

When describing light modulation, we assumed in both cases the 
optical system to be compensated for the minimum of the transmit- 
ted light in the absence of resonance. And yet this condition is not 
a rigid one. As can be seen from (6.21) and calculations for CoC0 3 
[6.21], the spectrum of the light transmitted under resonance always 
contains additional satellites. Compensating the light signal at the 
incident light frequency facilitates an experimental detection of 
modulation and gives some insight into the phenomenon. 

In addition to the two foregoing limiting cases situations are pos- 
sible when light scattering is due to contributions from the two mag- 
netooptic effects as well as from linear and circular dichroism. This 
point will be discussed in more detail, when describing the light 
modulation in RbNiF 3 . 

The modulation depth or the ratio of intensity of the components 
observed in a spectrum to that of incident light enables us to esti- 
mate the angle of deviation of spins from the equilibrium position 
under resonance at the given absorbed power P. In the case of mag- 
netically ordered substances this quantity is proportional to the 
number N Tes of the excited spin waves with q = 0. By using the 
relation 

P/hv Tes = iV res /T (6.22) 

one can evaluate t, the relaxation time of the spin system. 

Now let us consider the results obtained for the above mentioned 
crystals. 

6.5.2. CoC0 3 

In this crystal, as has been mentioned above, light scatter- 
ing is caused by anisotropic magnetic birefringence. The tensor for 
this case is given in Section 6.2, see Eq. (6.10). The low-frequency 
antiferromagnetic resonance in C0CO3 is described by (6.19), where 
one has to put q = 0, (p = 0, = Jt/2. Figure 6.7 shows the spectrum 
of the light transmitted through a C0CO3 crystal with the uniform 
spin precession excited in it under AFMR [6.46]. The presence of 
the satellites shifted by about ±36 GHz indicates that the transmit- 
ted light is modulated at the frequency 72 GHz. It should be noted 
that the intensities of Stokes and anti-Stokes satellites are the same 
to within the experimental errors, (from 10 to 15%). The dependence 
of satellite intensities on the magnetic field strength H at the con- 

17-092 
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stant supplied microwave power P reproduces the shape of the re- 
sonance absorption line. In turn, at H = const the satellite inten- 
sities are proportional to the power P absorbed by the sample. In 
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Fig. 6.7. Spectrogram of the light transmitted through the CoC0 3 
crystal with uniform spin precession excited [6.46]. 



maximum of the microwave absorption line, the modulation depth 
is 10- 4 % at the supplied microwave power ~5 mW. Therefrom we 
can find out the number of the spin waves with q = 0, i.e. N = 
= 2-10 14 cm- 3 , as well as the relaxation time [see Eq. (6.22)] 



x* = 3.10- 10 s. 
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6.5.3. K 2 CuF 4 

The compound K 2 CuF 4 is a transparent quasi-two-dimensional 
ferromagnet (T c = 6.25 K). The crystal K 2 CuF 4 has a tetragonal 
symmetry. When in an ordered state, the magnetization vector lies 
in the plane perpendicular to a fourth order axis. In this crystal 
light modulation was investigated under the conditions of exciting 
a ferromagnetic resonance [6.22]. There were investigated two con- 
figurations, when light was directed either along the fourth order 
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Fig. 6.8. Magnetic field dependence of the intensity* of light 
scattered forward in K 2 CuF 4 at the microwave pumping power 50 (A curve) 
and 150 mW (B curve) with the laser beam diameter 0.1 mm. Absorption micro- 
wave line (C curve) is given for comparison [6.22]. 

C-axis, or perpendicular to the latter, i.e. along the a-axis. The 
light modulation under FMR was detected in both cases. Intensities 
of the Stokes and anti-Stokes satellites in scattering spectrum had 
the same magnitude to within experimental error. From independent 
measurements [6.47J it is known that K 2 CuF 4 exhibits a Faraday 
rotation that is significant, when compared to other magnetooptic 
effects. As follows from these data and from the fact that the BMS 
satellites have the same intensities, the light scattering in this 
crystal is governed by Faraday effect. 

17* 
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In the present crystal, as opposed to CoC0 3 , the shape of the re- 
sonance absorption line does not match the observed magnetic field 
dependence of satellite intensities. In Fig. 6.8 this dependence is 
presented for different values of the supplied microwave power along 
with the FMR absorption line. Such a difference in the shape of these 
functions can be explained by the fact that microwave power is 
absorbed by the entire sample whereas the focused light beam picks 




Power, (mW) 

Fig. 6.9. Scattering intensity versus microwave pumping power 
for different components of the spectrum shown in Fig. 6.8- [6.22]. 



up information only from a small portion of the crystal. With a 
broad light beam (of the order of crystal dimension), the difference 
in shapes between B- and C-curves in Fig. 6.8 was diminished. 

Also the dependences of the intensities of the Stokes and anti- 
Stokes satellites on the supplied microwave power at various magnet- 
ic field values corresponding to the maxima in Fig. 6.8 which de- 
scribe different magnetostatic modes were recorded. The results are 
depicted in Fig. 6.9. It is possible to indicate three different inten- 
sity-power dependences, which the curves 1-2, 3-4, 5-7 (Fig. 6.9) 
correspond to. According to these types, the different relaxation 
mechanisms of magnetostatic modes and of homogeneous precession 
can be proposed. The curves 3-4, for example, could be explained by 
two-magnon relaxation on crystal defects and impurities. These 
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processes yield a dominating contribution into the relaxation under 
FMR. As a result magnons with q < D- 1 are generated where D 
is the minimum diameter of a defect. The estimates had shown that 
only the magnons with q <C 10 3 cm -1 could be registered in this ex- 
periment. The curves 5-7 characterize a nonlinearity of FMR. At 
low microwave powers, the relaxation can be due to processes of fu- 
sion with thermal magnons. At high pumping power levels, when 
thermal magnons are lacking in number, the amplitude of magneto- 
resistance oscillations start to grow up to its saturation. 



6.5.4. RbNiF 3 [6.23] 

This crystal, as opposed to the two previous ones, pos- 
sesses both Faraday rotation and magnetic birefringence which are 
closely related in magnitude. 

As has been noted in Section 1.2, the question of the intensity 
ratio of the Stokes and anti-Stokes satellites in scattering spectrum 
was discussed in the number of papers [6.34-35]. The most general 
results were obtained by Wettling, Cottam, and Sandercock [6.36] in 
studying the BMS in YIG. The intensities under study were shown 
to be governed by different combinations of material magnetooptic 
constants. Generally, when all constants have comparable values, 
the intensities of satellites are different. If one of the magnetooptic 
constants is significantly larger than others, the intensities of satel- 
lites are the same. As we have seen before, the scattering spectra 
of CoG0 3 and K 2 CuF 4 exhibit the Stokes and anti-Stokes satellites 
of the same intensity. The point is that in the case of C0CO3 the 
dominating factor is the anisotropic magnetic birefringence, whereas 
in K 2 CuF 4 it is the Faraday effect. 

By virtue of the above features RbNiF 3 provides the second after 
YIG object to check the reasons for the difference in intensity be- 
tween the Stokes and anti-Stokes components. 

The crystal RbNiF 3 has a hexagonal symmetry. At T c = 139 K 
it passes into a ferrimagnetic state. The magnetization vector M in 
RbNiF 3 in the absence of an external magnetic field lies in the basal 
plane perpendicularly to the hexagonal axis C$ [6.48]. 

The excitation conditions of ferromagnetic resonance in RbNiF 3 
were investigated theoretically and experimentally at T ^ 77 K by 
Golovenchits, Gurevich, and Sanina [6.49]. According to these authors 
[6.50] the low temperature experimental data can be described in a 
first approximation by the model of a uniaxial ferromagnet with 
anisotropy of the "easy-plane" type. The resonance frequencies v for 
two directions of magnetic field, Hj_C 6 and H || C 6 , are described in 
the framework of this model by the well-known formulas (see, e.g. 
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[6.51]): 

H A_ C Q ; ( *L ) 2 = [H + H A + (N z - N x ) M s ] [H + (N 9 - N z ) M s j 

(6.23) 

H || C 6 ; (2L} 2 = [ ff-H A+{Nx - Nz)Ms ][H-H A + (N y 

~N Z )M 5 ] (6.24) 

The formulas (6.23) and (6.24) were derived for an ellipsoidal sample 
under the assumption that coordinate axes coincide with the prin- 
cipal axes of the ellipsoid. And 
the axis z || C 6 , while the z-axis 
lies in the basal plane and coin- 
cides with H if Hj_C 6 ; N x , N y , 
N z are the principal values of the 
tensor of demagnetization coeffi- 
cients, M s is the saturation mag- 
netization and Ha the aniso- 
tropy field strength. 

According to these formulas, 
ferromagnetic resonance in 
RbNiF ? at v « 36 GHz and 
H_J_C 6 is observed in low fields: 
#res = 4.7 kOe (low-field reso- 
nance), whereas for H || C G the 
field H Tes is high enough and 
amounts to 32.8 kOe (high-field 
resonance). 

In order to detect and inves- 
tigate modulation of light by fer- 
romagnetic resonance in RbNiF 3 , 
we performed experiments in the 
three geometries indicated in 
Fig. 6.10. The geometries (1) and 
(2) correspond to excitation of 
the low-field resonance, when 
M || Hj_C 6 . They are distin- 
guished by the direction of light 
propagation: K || C 6 in case (1) 
and Kj_C 6 in case (2). The geo- 
metry (3) corresponds to excita- 
tion of the high-field resonance 
(6.24), when M || H || C 6 . Here 
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light was perpendicular to the C 6 -axis. A modulating light by fer- 
romagnetic resonance in RbNiF 3 was detected for the first and third 
geometries of the experiment at the incident light wavelengths, 
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1 = 488.0, 514.5, and 632.8 nm. For the second geometry » the 
modulation of light was not observed. 

The intensity ratio for the Stokes (P s ) and anti-Stokes (Pas) sat- 
ellites in scattering spectrum depends on geometry and incident 
light wavelength in the experiment. For X = 488.0 nm and 514.5 nm 
under the first geometry, this ratio, Ps/Pas = 2.8; under the third 
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Fig. 6.11. Modulation spectrum in RbNiF 3 for two polariza- 



geometry Ps/Pas ~ 1- In the case of X = 632.8 nm and the first 
geometry, Ps/Pas ~ 1-3. The instrumental error when measuring 
this ratio is 10%. When rotating the polarization plane of incident 
light through 90° in all cases the value of the intensity ratio is re- 
versed. Examples of recording the spectra at X = 514.5 nm in the 
first experimental geometry for two polarizations of incident light 
are given in Fig. 6.11. Satellites in a scattering spectrum are observed 
in the range of magnetic fields corresponding to a FMR linewidth. 
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For a given intensity of incident light the field dependence of the 
intensities of satellites almost copies the shape of the microwave ab- 
sorption line. 

The experimental results indicate that the specific feature of the 
spectra of light modulated by ferromagnetic resonance in RbNiF 3 is 
a difference in intensities of the Stokes and anti-Stokes components 
in these spectra. 

Let us consider this problem theoretically. Let us write out 6e f ^ a 
magnetic part of the permittivity tensor for RbNiF 3 for the first 
geometry (Fig. 6.10), i.e. when a low-frequency resonance is excited 
in the sample: H || x and M y = m y e 2niy} t, M z = m z e 2jlixt , and M x = 
= M = const (v is the FMR frequency and K || z). Here we shall 
take into account only linear in M y and M z contributions into the 
tensor components, since they are those which are responsible for 
the appearance in scattering spectrum of the satellites at the fre- 
quency v 1 ± v, where v 1 is the incident light frequency: 



Here, as in Section 6.2, the coefficients f ijk and g tj describe the 
contributions into 6e^- from Faraday rotation and linear magnetic 
birefringence, respectively. By means of the obtained 6e^- (6.25) 
values and formulas (6.15), (6.17) one can find the scattered light 
intensity when the incident light is polarized along the z-axis: i.e. 
the vector E* has the components (2?j sin 2nvH, 0, 0). Here the scat- 
tered light is polarized along the y-axis. If the intensity of the 
Stokes satellite is denoted by P s and that of the anti-Stokes one, by 
P A s» the calculated results can be presented in the form: 



^AS V i\2Z m z—S^ m y ) 

When the incident light polarization is rotated through 90°, i.e. when 
the vector E* has the components (0, E\ sin 2:rcv i f, 0), the expres- 
sion (6.26) is replaced by 

?S = I fi2^rn z — g^M^m y \2 (6 27} 

A similar analysis was performed for both the second and third geo- 
metries (Fig. 6.10) of the experiment. And in both cases the inci- 
dent light polarization was supposed to be either parallel to magne- 
tization [upper sign in (6.28) and (6.29)] or perpendicular to it [lower 
sign in (6.28), (6.29)]. For K || y and H || M || x (the second geo- 




(6.25) 
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me try): 

Ps = / fsii m v ± g AA M B m z \2 f g 9 gv 

^AS \ twirriy^ guM s m z ) V — / 

For K||yandH||Mj|z (the third geometry) 

Thus, the calculation demonstrates that generally the intensities of 
the Stokes and anti-Stokes satellites in a spectrum of scattered light 
are different, and their ratio is reversed, when, the incident light 
polarization rotates through 90°. 

Based on (6.26-6.29) and using our experimental P s /Pas val- 
ues for various geometries as well as the values of Faraday effect 
and magnetic birefringence from [6.52], we have calculated' the 
ratios of coefficients of the tensor 8e^ (6.25), namely: 

WSee^. = 0.75; W&^s < 2 -10- 2 (6.30) 

These values show the modulation of light for X = 514.5 nm in the 
first geometry is due to both magnetic birefringence and Faraday 
effect. In the third geometry, modulation of light is predominated 
by magnetic birefringence. 

The Ps/Pas value for X = 488 nm coincides with that for X = 
= 514.5 nm. When using X = 632.8 nm, this ratio changes. RbNiF 3 
is known to be characterized by strong absorption of light in red 
spectral region. As a result, linear and circular dichroism become 
significant and can change constants in the Faraday effect and 
magnetic birefringence. All this can lead to variations in the 
Ps/Pas ratio. However, our experimental data are insufficient to 
calculate the magnetooptic constants at X = 632.8 nm. 

6.5.5. Nd 3 Ga 5 12 [6.24] 

Up to now the point in question has concerned a modula- 
tion of light in magnetically ordered compounds. Of some interest 
for us was to observe the modulation of light in a conventional para- 
magnetic crystal with electron paramagnetic resonance (EPR) excit- 
ed in it. The neodymium-gallium garnet (NdGG) was chosen as an 
object that remains to be paramagnet up to = 0.516 K and be- 
comes antiferromagnet below this point. This crystal has a large 
saturation moment (4nM « 910 Gs at T = 4.2 K and H = 50 kOe) 
and a large Faraday effect constant at T ^ 2 K. At the temperature 
of T = 1.8 K we determined the Verdet constant, B = 
280 deg/(cm-kOe). 

The modulation of light was studied at the wavelength, X = 
= 632.8 nm. EPR was excited at the frequency, v = 36 GHz. Re- 
sonance saturation was not observed because of the broad EPR line 
width. Incident light propagated along the [111] crystal axis. The 



266 A. S. Borovik-Romanov and N. M. Kreines 



spectrogram of the light transmitted through the NdGG crystal 
under EPR is given in Fig. 6.12. As in all foregoing cases, this spec- 
trum contains satellites of a significantly lower intensity which are 
shifted relative the principal line by the resonance frequency, ±v re3 . 
Their intensity is about 10~ 8 of that of the incident light. This im- 
plies that the light transmitted through the crystal is modulated at 
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Fig. 6.12. Spectrum of light transmitted through the sample of 
Nd 3 Ga 5 12 with a paramagnetic resonance excited in it at the frequency v mw = 
= 36 GHz (k = 632.8 nm, T = 2 K). 



the frequency 2v res and the modulation depth amounts to 5 X 10~ 8 . 
The modulation of light was observed within the entire microwave 
absorption line. The intensity of each satellite is proportional to the 
microwave absorption value under constant power input. As can be 
seen from Fig. 6.12, the intensities of the Stokes and anti-Stokes 
satellites in the scattering spectrum are the same. This suggests the 
scattering at A, = 632.8 nm to be controlled by a magnetooptic effect 
alone, i.e. the Faraday rotation. 

The modulation depth enables determining the spin tilting angle 
under resonance conditions. Therefore, given the microwave power 
input, the transverse relaxation time can be found. We made such 
estimates and obtained the value of 10" 11 s which agrees with the 
broad EPR line width. 



6.6. MAGNON "BOTTLE-NECK" UNDER AFMR 

AND FMR 

Let us consider relaxation processes in a spin system with 
FMR or AFMR excited. Here the microwave field directly excites 
uniform spin oscillations or, which is the same, spin waves with 
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q = 0. The energy of spins excited in resonance is transferred to 
other spin excitations, i.e. to the magnons with q =^0, via two- 
magnon, three-magnon, etc. processes with the relaxation times To 
{see the diagram in Fig. 6.13). Also possible is a process of the energy 
transfer from the spin waves with q = directly to phonons with 
the relaxation time To. Naturally, the relaxation is dominated by the 
process with the shortest time, tJ. The transfer time of energy of uni- 
form oscillations to phonons usually exceeds that to magnons. The 
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Fig. 6.13. Diagram of explaining magnon relaxation processes 
in magnetic materials. 

magnons caused by relaxation which have particular energies and 
wave vectors relax either to a reservoir of the remaining spin waves 
with the time Tq or to a reservoir of phonons (to the lattice) with 
the relaxation time Tq. Provided Tq is much longer than Tq, an ex- 
cess in the number of magnons over the thermal level corresponding 
to the lattice temperature occurs in the system of spin waves. The 
ratio of the total number N q of the excess spin waves in the system 
to the number N of the pumped spin waves with q = will be gov- 
erned by the ratio Tq/To of the relaxation times. Once t§ ~ Tq, 
the entire spin system will be overheated. If To < Tq, then an iso- 
lated group of magnons with a particular v and q will be overheated. 
Such a situation is similar to the phenomenon in EPR cal- 
led a phonon "bottle-neck" with the difference that magnons rather 
than phonons are overheated. The magnon "bottle-neck" was discov- 
ered by us in the antiferromagnetic crystal of CoC0 3 . A set of three 
runs were performed to study this phenomenon. 
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The first one, namely, the modulation of light under AFMR, has 
been discussed in the preceding Section. From this experiment we 
have determined the number N = 2 X 10 14 cm -3 of spin waves 
with q = excited by microwave power 5 mw and the relaxation 
time, xS = 3 X 10- 10 s. 

In the next experiment the number N q of the magnons with q 
excited under AFMR was determined [6.21]. An increase in the num- 
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Fig. 6.14. Diagram of the experimental setup for optical obser- 
vations of AFMR. 



ber of spin waves results in a decrease in magnetization of sublat- 
tices of the sample under study. Since magnetic birefringence is pro- 
portional to the squared magnetization of the sublattices [see (6.8)], 
a decrease in magnetization is accompanied by a decrease in birefrin- 
gence. Consequently, by measuring a change in birefringence under 
AFMR, it is possible to find out N q . 

A change in magnetic birefringence of light in a crystal was in- 
vestigated when scanning the AFMR line by magnetic field. A dia- 
gram of the experimental setup is given in Fig. 6.14. The microwave 
part of the setup is similar to the previous one. However, in order 
to amplify optical signals, we used the modulation of microwave 
power by rectangular pulses with a repetition frequency from 1 to 
20 kHz and a duty factor of 0.5. 
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The optical scheme to measure the light birefringence in a crystal, 
An, will be described here in more detail. A light beam (K = 632.8 nm) 
from the He-Ne-laser passed through the system which consisted of 
a polarizer, a crystal to be investigated, a calcite Berek compen- 
sator and analyzer, and was incident on the photomultiplier PM. 
The output signal of the photomultiplier (the voltage drop across a 
photomultiplier load) could contain both a direct-current (dc) com- 
ponent due to incomplete compensation of light and an alternating- 
current (ac) component changing with the modulation frequency of 
klystron power. The dc component of the signal was measured by 
means of the digital voltammeter VA. The ac component of the light 
signal was amplified by the narrow-band amplifier U tuned for the 
klystron modulation frequency and then was applied either across 
the oscilloscope output or the recorder y^coordinate unit via a 
synchronous detector. Thus, setup optical scheme permitted changes 
in the birefringence Arc to be measured both in a static and in a dy- 
namic mode of operation. In the first case we used the method of di- 
rect compensation of path-length difference (by means of the Berek 
compensator) and in the second case the amplitude of the ac signal 
(at the instant a resonance occurs). The sensitivity to variations in 
An for the dc mode was from 10~ 6 to 10~ 6 and that for the ac mode 
was substantially higher i.e. from 10 -8 to 10" 9 (depending on sam- 
ple thickness). 

The main experimental results were obtained with a sample in 
the form of a thin disk 1.2 mm in diameter and 0.3 mm thick. The 
disk plane coincided with the crystal basal plane. The sample had 
the most narrow resonance line about 30 Oe (Fig. 6.15). 

There were studied two cases: when the incident light polarization 
was coincident with the magnetic field direction and when the former 
was inclined at the angle of 45° to the latter. In both cases the polarizer 
and analyzer were crossed. In the first case, the ac optical signal was 
not detected down to the level of 5 X 10" 6 of the incident light in- 
tensity. In the second case, the ac optical signal was absent under 
the conditions of a maximum compensation of the dc optical signal 
by means of a compensator at the instant the resonance occurs. This 
signal appeared however, at a certain incomplete compensation of 
the system due to a rotation of the compensator. Figure 6.15 shows 
records of both the ac light 1^ at different compensator positions and 
microwave absorption signals when the AFMR line was scanned by 
magnetic field. 

The optical signal shape is easily seen to fully match the curve 
of microwave absorption. 

The amplitude and phase of the ac signal, 7^, vary with the path- 
length difference T for two orthogonal light polarizations in the 
sample and compensator (measured in radians). The phase of the ac 
light signal is scaled relative to the modulation phase of microwave 
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power by rectangular pulses. Figure 6.16 demonstrates relationships 
between the dc /= (curve 2) and ac 1^ (curve 1) (for the AFMR line 
peak) light signals and the path-length difference T, changed by 
means of the compensator. In fact, the figure depicts a variation in 
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Fig. 6.15. An example of recording a microwave absorption line 
(curves 1) and alternating light signal (curves 2) under resonance in CoC0 3 at 
two path-length differences T: (A) T = ji/6, (B) T = 7ji/6. 



the path-length difference, T — 2nn, measured from the value of T 
which corresponds to the minimum dc signal. 

The experimental dependences obtained can be described by the 
relationships: 

/= = II sini(r/2) for curve 2 (6.31) 
I» = IVjirtr for curve 1 (6.32) 

(The first formula agrees with the dependence of the transmitted 
light intensity on the compensator position in crossed polaroids de- 
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rived, e.g. in [6.53].) It can be seen from Fig. 6.16 that maxima in the 

amplitude 1^ correspond to T = 2nn + ^- or 2jirc + ^ and amount 

to 2 X 10- 4 of the dc signal amplitude, IL. When a compensation or 
decompensation of light is complete, the ac light signal is absent. 
All results above were obtained by us at a modulation frequency of 
microwave power equal to 1 kHz. An increase in this frequency up to 
20 kHz influenced the acquired data neither qualitatively nor quan- 
titatively. 

As can be seen from the above results, the conditions for observ- 
ing the ac optical signal differ from those of modulation of light* 



V 




c 2 



■ a- Experimental data from different runs 

Fig. 6.16. Intensities of the dc I = (curve 2) and ac I„ (curve 1) 
light signals versus the path-length difference T due to compensator and sample. 

The modulation depth was maximized when incident light was of 
vertical polarization directed along the applied magnetic field, with 
a maximum compensation of the transmitted light. For these con- 
ditions, the ac optical signal I„ was totally absent. A large difference 
in values of the two observed effects should also be marked. Their 
intensities measured by the same absorbed microwave power are 

equal to 1(0 Q ~ 5-10" 8 (the light modulation) and to ~ 

■«CD ■'0 = 

~ 2.5 -10- 4 (the optically detected AFMR). As seen they differ by a 
factor 10 4 . The performed comparison shows the detected ac optical 
signal under AFMR to be unconnected with uniform oscillations of 
magnetization. This can be explained if it is remembered that at the 
instant of resonance the magnetic birefringence of the entire sample 
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is decreased. Such a decrease is due to diminishing an L-component, 
which is a perpendicular to magnetic field, when L oscillates about 
the equilibrium position. In turn, a decrease in the L-component is 
due to a growth in the total number of the spin waves which are 
excited under AFMR. According to the experimental data this num- 
ber N q = 10 17 cm- 3 (at P = 5 mW) which corresponds to a relaxa- 
tion time, x q = 1-5 X 10~ 7 s. 

Let us compare the results of two optical experiments for the num- 
ber of spin waves excited under AFMR: 



This means that the total number of the spin waves created in a 
system under AFMR relaxation is about 1000 times more than the 
number of the spin waves with q = corresponding to a uniform 
precession. In other words, an accumulation of energy in the spin 
system occurs at the instant of resonance, i.e. the spin system is 
overheated as compared to its equilibrium state. 

Now we have been interested to find frequencies and wave vectors 
of the magnons due to relaxation. With this aim in mind we used 
the BMS technique. A sample was chosen where thermal spin waves 
were studied. The setup described above was used. The BMS was 
observed in the 90°-scattering geometry (q = 2-5 X 10 5 cm- 1 ). The 
magnons propagating along the z-axis (x-magnons) and z-axis (z- 
magnons) were studied. AFMR was excited at two pumping frequen- 
cies, v x « 36 GHz and v 2 « 51 GHz. The sample was inserted into 
a waveguide and practically the whole spectrum of magnetostatic 
modes was excited because of large dimensions of the sample. This 
manifested itself in the AFMR line width of 600 Oe (instead of 30 Oe 
for thin samples). According to [6.42-43] this value corresponds to 
the limits of the spectrum of magneto-static modes. The experiments 
were performed at T ^ 2 K. The same polarization conditions were 
fulfilled as in the case of thermal magnons observation. 

The scattered light spectrum was experimentally investigated 
under AFMR excitation. For microwave power input at the frequen- 
cy v = vafmr a significant increase in the intensities of magnon 
peaks as compared to the thermal ones was found. Magnon ampli- 
fication persists over a very narrow range of magnetic fields ±25 Oe, 
although as has been indicated above the microwave absorption line 
width under AFMR is about 600 Oe. The frequency of the amplified 
magnons always coincides with that of AFMR. Figure 6.17 shows 
the spectrogram of light scattered from z-magnons for a microwave 
power input of about 5 mW in a field H = 1014 Oe. Here the inten- 
sity of magnon peaks was augmented as compared to the thermal 
ones about 20 times. Increasing the pumped microwave power P re- 
sults in building up the intensity of the amplified peaks I. 
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Judging by the result obtained, the predominating relaxation 
process of uniform precession is a two-magnon process, in which a 
magnon with the frequency v A fmr and q = 0, after scattering 
from an impurity or crystal defect, creates a magnon with the same 
frequency and non-zero wave vector. 

In order to elucidate this situation, let us consider Fig. 6.18. The 
long-wave part of the CoC0 3 magnon spectrum is shown here and 
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Fig. 6.17. Light scattering spectrum at 90° in CoC0 3 from thermal 
(lower curve) and excited under AFMR (upper curve) magnons. 



v mw is the frequency of a microwave photon exciting AFMR. The 
latter has the form of the uniform precession with q = as well as 
one of the magneto-static modes with q near zero. Every point in 
the region between the curves q z and q y corresponds to the magnon 
with a definite q and v. The curve q z corresponds to q || z and q y to 
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q || y. Upon changing magnetic field, this region shifts along the 
vertical axis (frequency axis). 

Let us consider the case of z-magnons. In our experiment the 
strength of the magnetic field was selected to be such that the z-mag- 
nons with a frequency equal to the microwave one had a wave vector 
with modulus q = 2.5 -10 5 cm- 1 . Upon pumping the microwave pow- 
er, the number of such magnons proved to be significantly larger 




30 I i i i 1 

1 2.3 

|Wave number| x 10 = , cm"' 

Fig. 6.18. Long-wave part of the spin wave spectrum in GoC0 3 
for different directions q and the magnons created under AFMR relaxation in a 
two-magnon process (horizontal dashed region). 

than that of the thermal ones. Therefore we conclude that the excit- 
ed AFMR magnons with q = (or close to zero) and the frequency 
^afmr relax mainly into the magnons with the same frequency 
-and non-zero wave vector. These magnons are located in the hori- 
zontal dashed region in Fig. 6.18. The same considerations are also 
valid, when observing z-magnons. 

The results of the first two experiments demonstrate that during 
relaxation of the magnons with q « excited under AFMR, the 
reservoir of the spin waves with q accumulates magnons which 
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means it becomes overheated compared to the equilibrium state. 
This is due to the fact that the time of energy transfer from the group 
of the magnons with v = v AF mr and q =£0 to other magnons or 
phonons (Fig. 6.13) is much greater than the time needed for 
magnons with q to relax. The phenomenon observed here is sim- 
ilar to that called the "bottle-neck" in EPR. The only difference 
is that in an antiferromagnet magnons are overheated rather than 
phonons. 

The last optical experiment provided the answer to whether the 
entire system is overheated uniformly (due to a short Tq) or the 
overheating concerns only a selected group of spin waves. The results 
show that only a group of magnons with a frequency of the exciting 
AFMR and different wave vectors that are controlled by the magnon 
spectrum for this frequency is overheated. Thus, in antiferromagnets 
we observed a classical "bottle-neck". 

The similar experiments were performed with a two-dimensional 
ferromagnet K 2 CuF 4 . In addition to modulation of light, the back- 
scattering due ta the excitation of a ferromagnetic resonance was 
also investigated in this substance. The amplification of magnon 
peaks was observed similar to that found by us in CoC0 3 . 

6.7. LIGHT SCATTERING FROM PARAMETRICALLY 

EXCITED QUASIPARTICLES 
(MAGNONS AND PHONONS) IN C0CO3 

The BMS technique proved to be very efficient in detect- 
ing and studying parametrically excited quasiparticles, i.e. mag- 
nons and phonons [6.16, 6.54, 6.55]. 

Various nonlinear phenomena are known to occur in magnetically 
ordered substances placed inside intense high-frequency fields. The 
nonlinear phenomena, which will be discussed below, include pro- 
cesses of parametrically excited oscillations and premature satura- 
tion of resonance. Common to both processes is the presence of a 
certain threshold microwave field, h mw = /& th , above which these 
processes do occur. Both processes take place in an external magnetic 
field, H. 

A paramagnetic excitation of quasiparticles is such a process, 
when one high-frequency photon with v raw = v p at h mw ^ h th and 
a certain value of magnetic field (determined by the wave vector of 
quasiparticles) creates two quasiparticles with opposite values of 
the wave vector, q, and with the half-frequency of the photon, 
v qp = Vp/2. In this process there can be created parametrically both 
magnons and phonons. This depends on the shape of the spectrum of 
quasiparticles in the given magnetic substance as well as on the 
value of magneto-elastic interaction and on the pumping frequency, v p . 
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Another process takes place here, when a magnetic resonance (MR) 
or uniform precession is excited in a substance, i.e. when a micro- 
wave photon vmr creates a magnon with q = and v = vmr. Upon 
attaining a certain power level, the resonance comes to saturation 
(premature saturation of resonance). In the process the magnons with 
q = and v = Vmr are able to decay into two quasiparticles with 
v qp = Vmr/2 and q x = — q 2 =^=0. In the event that the magnon is 
the quasiparticle, the process is called the first order Suhl instabil- 
ity. As will be shown in the present Section^ a quasiparticle with the 
frequency v qp = vmr/2 is liable to be a phonon, as well. The pro- 
bability of realizing one or another version is governed, as in the 
case of parametric excitation of quasiparticles, by the kind of 
spectrum, value of magneto-elastic interaction, and vmr. 

The investigation of nonlinear phenomena allows rich information 
to be obtained on the properties of magnetic materials. It opens up 
the possibilities to study relaxation channels of quasiparticles and 
relaxation times and to determine the spatial distribution of quasi- 
particles and the parameters of their spectrum. An important prob- 
lem is thejstudy of a stationary state of spin waves which is established 
at a high pumping power level, much higher than the threshold one. 

Microwave techniques pertain to the commonly used methods of 
studying the nonlinear processes, when investigating a dependence 
of the absorbed microwave power on the power input, pumping fre- 
quency and magnetic field strength. These techniques provide many 
interesting experimental results in studying both ferromagnets and 
antiferromagnets. In addition, the theory of nonlinear processes 
was developed. The studies of the parametrically excited spin waves 
in magnetically ordered substances are reviewed in [6.56-57]. 

However, the microwave techniques available cannot supply all 
needed information about the processes. These techniques fail to 
clear up the question what quasiparticles (phonons or magnons) are 
excited in experiment, what direction they propagate in, and what 
wave vector q correspond to. This is why a demand arose for in- 
vestigating nonlinear processes by other techniques. 

Next, the results will be described of studying parametrically 
excited magnons and phonons in CoG0 3 by means of the BMS tech- 
nique. All the experiments were performed in the 90°-scattering geo- 
metry, as was the case with thermal magnons. The notations of 
Sec. 6.4 will be used. The samples were placed at the endface of a 
plunger which shortcircuits a waveguide. 



6.7.1. Parametrical Magnons in CoC0 3 

Next, the spectra of scattering from z-particles at the 
pumping frequencies v p = v x ~ 36 GHz and v p = v 2 = 51.02 GHz 
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as well as from x-particles at v p = v 2 will be discussed. The results 
reveal that in the magnetic field corresponding (in accordance with 
the kind of magnon spectrum) to the existence of the magnons with 
v = Vp/2 at q = 2.5 -10 5 cm- 1 the pronounced peaks of the frequency 
which differs from that of incident light by Av = v p /2 show on the 
spectrum of scattered light when the pumping power is switched on 
with v = v p . In the absence of microwave pumping and with the 
same magnetic field strength the peaks of much lower intensity due 
to the thermal magnons with v = v p /2 are evident. The intensity of 
scattering is governed by the number of scattering particles. It 
follows that an increase in the intensity of peaks caused by the mic- 
rowave pumping will favour a large number of quasiparticles with 
v = Vp/2 and q = 2.5 «10 5 cm- 1 being created at the given magnetic 
field strength. An illustration of this result is presented in Fig. 6.19 
for z-particles. 

In this figure curve 1 corresponds to a spectrum of scattering from 
the thermal magnons with v = 25.5 GHz. Curve 2 with pronounced 
peaks corresponds to a scattering from the excited quasiparticles 
created by switching on the microwave power with v p = 51.02 GHz 
at the same magnetic field strength. 

When observing the process of scattering from the created quasi- 
particles the following polarization conditions always have to be 
satisfied: (a) ELLE 8 , where E* and E s are the electric field vectors 
of the incident and scattered light waves, respectively; (b) one of the 
vectors E 1 and E s lies in the scattering plane and another is perpen- 
dicular to it. In our experiment the vector E* was always parallel 
to the external magnetic field. Studying the influence of magnetic 
field strength on the position and intensity of the satellites, given 
test values of wave vector and pumping frequency, points to the 
existence domain of excited quasiparticles from ±10 to ±15 Oe in 
magnetic field strength. Within this field range the frequency of the 
satellite differs from that of incident light by exactly half the pump- 
ing frequency to an accuracy of ±0.5 GHz. The satellite intensity 
for x-particles versus magnetic field strength is depicted in 
Fig. 6.20. 

Next, we investigated the influence of the microwave pumping 
power with v = v p on the intensity / of satellites with Av = v p /2 
at a constant magnetic field level. Such a relation was found to have 
a threshold pattern. In other words, an increase in the intensity of 
satellites starts from a certain finite value of pumping power. Figure 
6.21 demonstrates the correlation between the intensity of the 
satellites with Av = v p /2 and pumping power in a constant mag- 
netic field for x-particles. The curve in Fig. 6.21 illustrates a thresh- 
old in this dependence. The experimental data obtained allowed 
us to determine the threshold values of power P t h and correspond- 
ing magnetic component h th of the microwave field such that the 
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Fig. 6.19. Spectrum of light (X = 632.8 nm) scattered at 90° in 
CoC0 3 (T < 2 K) from z-magnons: (7)— thermal magnons, (2)— parametrical 
magnons. The accumulation time of spectrum (1) amounts to 2000 s and that of 
[2) to 1000 s. 



parametric excitation of quasiparticles sets in. These values are 
given in the Table 6.1. 

The threshold values P th and h th given in Table 6.1 are in the 
range of estimates, since the accuracy of the applied microwave pow- 
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Fig. 6.20. Intensity of light scattered from parametric z-magnons 
versus the external magnetic field strength H in GoG0 3 (T ^ 2 K). 



measurement was not so high in our experiments. The excess in 
the pumping power over the threshold value results initially in a lin- 
ear growth of satellite intensity (see Fig. 6.21) and then the curve 
/ (P) is saturated and falls down. A deviation of / (P) from the lin- 
ear relationship for z-particles occurs at the pumping powers about 
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Table 6.1. 



Quasiparticles 


Up, GHz 


P th , mw 


/i th , Oe 


z-particles 


36.0 


30.0 


0.030 


z-particles 


51.2 


60.0 


0.045 


x-particles 


51.2 


80.0 


0.053 



300 mW (or about 0.1 Oe) while for z-particles at about 100 mW (or 
about 0.06 Oe). The creation of excited quasiparticles should be, 
apparently, accompanied by the microwave power absorption in a 

A 

7000- 




Pumping power, relative units 



Fig. 6.21. Intensity of light scattered from parametric ar-magnons 
versus the microwave power P in CoC0 3 (T <Q 2 K). 



certain range of magnetic field strengths. In our experiments, how- 
ever, such an absorption was not found. The value of the absorbed 
power was likely to be too low while our technique used to detect the 
absorption of the power too rough. 
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The data obtained indicate that a number of quasiparticles in 
excess of the thermal level was created in a crystal under the action 
of microwave power. The creation of quasiparticles proceeds in a 
parametric way, since their frequency amounts to half-frequency of 
the pumping and the process of their excitation is of a threshold na- 
ture. The parametric x- and z-magnons are expected to be dealt with- 
in this case. These result from the decay of one microwave photon 



x 
o 





1 V 

vitiw 


/ 30- 


\ 


<\/ 20- 




xsr — 1 

>s^v v = 




10- 

t, , 


1 ■ 1 1 



-3-2-1 1 '2-3 
I Wave vectorl x 10~ 5 , cm" 1 



Fig. 6.22. Scheme for illustrating the parametric excitation of z- 
magnons with half -frequency of pumping in GoC0 3 at v p « 36 GHz. 



with v = v p into two magnons with opposite wave vectors and the 
microwave photon half-frequency v = v p /2. The basis for such an 
assumption is formed by experimentally controlled conditions of 
observing the light scattering from these quasiparticles as well as 
by the fact that in the absence of microwave power and in the same 
magnetic field the thermal magnons with a frequency equal to v p /2 
can be observed (see Fig. 6.19). The parametrically excited quasi- 
particles are observed within a narrow range of magnetic field strength 
(see Fig. 6.20). This fact can be explained in more detail by means of 
Fig. 6.22. The latter shows the low-frequency part of the spectrum 
v (q) for x-, y-, and z-magnons according to Sec. 6.4 at fixed magnet- 
ic field strength. In addition, this figure schematically shows the 
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process of decay of one microwave photon with v = v mw into two 
z-magnons with v = v mw /2. The scheme indicates that at each value 
of the magnetic field strength in the given crystalline direction the 
magnons are created that possess fixed values of wave vectors. As 
discussed above the value of wave vector and direction of quasipar- 
ticle propagation as well as the frequency of exciting photon are 
preset by experimental conditions in our case. Only the magnetic 
field strength whose value can be varied arbitrarily serves as a free 
parameter. In so doing, the magnon spectrum has to be displaced 
within the (v, q) plane along the abscissa (v). In order to observe the 
light scattering from parametric magnons we have to select a value 
of magnetic field strength such that the frequency of the magnon 
investigated (x- or z-ones) with q = 2.5 X 10 5 cm -1 amounts to 
half-frequency of the pumping as shown in Fig. 6.22 for a z-magnon. 
The scheme shows how a deviation from this field strength should 
result in violating the observation conditions. According to the 
theory the region that satisfies the conditions should correspond to 
a very narrow interval of magnetic field strengths. In experiment 
this interval ranges from 10 to 20 Oe (see Fig. 6.20). The value cor- 
responds to the width of a really observed scattering line, which in 
addition to the true width is contributed by the response function 
of interferometer, line width of laser radiation, etc. 

The parametric excitation of magnons in CoC0 3 was discovered 
in our experiments. The parametric magnons were directly observed 
which propagated along the C 3 -axis and across the basal plane of a 
crystal in the magnetic field direction. Their frequency w r as proven 
to be really equal to half-frequency of the pumping. 

As to the i/-particles propagating in basal, plane transversally to 
magnetic field, pumping microwave sources should be used with 
wavelengths shorter than those of the sources we have to detect the 
parametric z/-magnons in CoC0 3 . 

Based on our experiments, it is believed that at a sufficiently 
high microwave power level parametric magnons are created in all 
directions. 

As seen from Fig. 6.19, the intensities of the Stokes and anti- 
Stokes spectral components due to parametric magnons are practi- 
cally the same. Since the experimental geometry in all runs was the 
same, the Stokes spectral component always corresponded to a scat- 
tering from the particles with one direction of the wave vector q 
whereas the anti-Stokes component — with an opposite direction. 
With this experimental fact in mind we can conclude that the same 
number of magnons with opposite wave vectors exists in the above- 
threshold state. This conclusion agrees with a conventional scheme 
of parametric excitation of magnons. 

As has been mentioned above, we determined the threshold fields 
such that the parametric excitation of magnons occurs. And for x- 
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and z-magnons these values differ by 1.5 times (see Table 6.1), while 
z-magnons possess a lower threshold. 

The dependence of the threshold microwave field strength fe th on 
the pumping frequency v p , on the damping of magnons Av q , and 
other parameters was obtained theoretically by Ozhogin [6.58] for 
antiferromagnets of the "easy-plane" type under the conditions of 
parallel pumping, when h mw |'| H. This dependence has the following 
form: 



h *= vX+gp) (6 - 33) 

where Hd is Dzyloshinskii's field, H the field in which parametric 
magnons are observed, and y the gyromagnetic ratio. For CoC0 3 
we have H D = 27 kOe and y = 5.8 GHz/kOe. 

In our experiments the parallel pumping conditions can be satis- 
fied only when exciting z-magnons. If the parametric z-magnons are 
assumed to be created as a result of parallel pumping, then we can 
estimate the relaxation time of z-magnons in CoC0 3 t = (2jrAv q )" 1 
by means of formula (6.33) and the experimental threshold value 
(see Table 6.1). The estimate yields Av q ~ 0.7 MHz and t ~ 0.2 [as. 
The magnon relaxation time in CoC0 3 agrees, by an order of magni- 
tude, with those measured for MnC0 3 and CsMnF 3 [6.59-60]. It 
should be noted, however, that for the above compounds the magnon 
relaxation time strongly depends on the temperature. We did not 
study such a dependence for CoC0 3 . All our experiments were per- 
formed at a single temperature of about 1.8 or 1.9 K. 

In our experiments parametric z-magnons are excited under the 
conditions of transverse pumping. Presently we know no formula 
to describe the relationship between the threshold field and relaxa- 
tion time for the case under study. Therefore, the only conclusion 
that can be made is that the value of the threshold field is propor- 
tional to pumping frequency (see Table 6.1). 

The comparison of the intensities of satellites in light scattering 
spectrum that correspond to thermal and parametric magnons enables 
us to determine the excess value F of the number of parametric 
magnons over the thermal level. Such an estimate is valid, if the 
observed width of a scattering peak coincides with the intrinsic line 
width Av q of a parametric magnon. However, as the above esti- 
mates have demonstrated, Av q amounts to 0.7 MHz. It is by a factor 
of 10 3 less than the width of an observed scattering line whose in- 
strumental width is about 0.5 GHz. This means that the value ob- 
tained from the ratio of intensities should be multiplied by 10 3 to 
evaluate an excess of the number of parametric magnons over the 
thermal level. With this result in mind, we obtained as a maximum 
excess X 10 5 in the following range of changing q determined 

19* 
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by the line width Av ~ 0.7 MHz: 

A?=4'lr Av ««- 20 cm_1 



(6.34) 
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The estimate is valid for z-magnons. In the case of z-magnons the 
ratio of the satellite intensities of thermal and parametric magnons 
is about tenfold lower, hence for them F 5 X 10 4 . 

Now we can easily determine the maximum number of magnons 
N q in 1 cm 3 having q = 2.5 X 10 5 cm 4 and Aq ~ 20 cm' 1 which 
contribute to light scattering: 

A' q = n q F (6.35) 

Here n q is the number of thermal magnons which are collected from 
a g-plane controlled by an aperture of light beam. 

For the occupation numbers, n = (e hv <i fhT — l)- 1 ex. 2, where 
T\cz 2 K, the number n q amounts to 2 X 10 8 particles per cm 3 
while iV q is in the interval from 10 13 to 10 u particles per cm 3 . 

The experimental dependence of satellite intensities corresponding 
to the scattering from parametric magnons versus the power input 
(see Fig. 6.21) enables us to evaluate a variation in the number of 
magnons N q for the case of high pumping power level. An initial 
part of the curve in Fig. 6.21 shows that above the threshold N q 
grows linearly with the difference P — P th or in other words 

N «= [(-^ir) 2-1 ]* A = const < 6 - 36 ) 

Such a relationship takes place for an excess over the threshold in 
the interval 1 ^ h mvr /h th ^ 2. An increase in the pumping power 
over the threshold value is known to result in a stationary state of a 
magnon system. One of the basic questions arising from the investi- 
gation of the state is the mechanism of limitations imposed on the 
number of parametric magnons [6.611. Generally, two mechanisms 
are considered as follows: (a) the mechanism of nonlinear damping 
and (b) the phase mechanism. Each of them is characterized by its 
specific dependence of the number of parametric magnons N q on the 
pumping field strength h mw (see [6.56]), namely 

W,=-S-(*„ w -A th ) = B (njjf— l) m *• (>) «'» <«-37) 

(6.38) 

Here K is the coefficient of coupling high-frequency magnetic field 
to a spin wave, r] the nonlinear damping factor, S the amplitude of 
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the four-frequency process, y the conventional damping factor, and 

B = Kht h /i\, C = yKIS. 

We tried to compare the experimental result with those (6.37), 
(6.38) from the theory. Figure 6.23 illustrates the dependence of the 
relative number of particles on the excess fe mw /ftth of microwave field 
strength over the threshold. The coefficients A, B, and C [(6.36)- 
(6.38)] are adjusted in such a way as to make values of N q for all 




Fig. 6.23. The number of parametric magnons N q versus the 
microwave field excess over threshold value h mv , V^th- Curve 1 is drawn according 
to formula (6.37), curve 2 to (6.38), and curve 3 to (6.36). Experimental points 
correspond to Fig. 6.21. 



three curves be the same at h mv< /h ih = 1.65. With the coefficient B 
in (6.37) properly fitted, the experimental results are seen to be suf- 
ficiently well described by the mechanism of nonlinear pumping. 
Yet the available spread of experimental points does not allow 
unambiguously discrimination between relations (6.36) and (6.37). 
The further growth of pumping power (h m ^/h ih ^ 2) leads to the 
saturation of the curve N q (P) and then to a decrease in the number 
of magnons. Such a behaviour is evidently caused by the sample 
overheating by microwave pow T er. 
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6.7.2. Parametrical Phonons in C0CO3 

In this Section we shall dwell on the results obtained in 
studying the BMS from x- and z/-quasiparticles excited at the 
pumping frequency v x ~ 36 GHz. 



6.7.2.1. BMS from Parametrical s-Quasiparticles 

Investigation of BMS from z-quasiparticles with the 
microwave pumping at the frequency v p = v ± = 35.02 GHz has dem- 
onstrated that in the spectrum of scattered light the satellites occur 




Fig. 6.24. The squared frequency v| versus the magnetic field 
strength for thermal and pumped ar-quasiparticles in CoC0 3 . Points correspond 
to the pumped-in quasiparticles. Curve 1 corresponds to the spectrum of thermal 
x-magnons, curve 2 to the absorption line of microwave power, curve 3 to trans- 
verse phono n frequencies in the basal plane at T ~100 K. 



with frequencies differing from those of incident light by half-fre- 
quency of the pumping. Unlike the observing conditions of para- 
metric magnons, these satellites exist over a wide range of magnetic 
field strength from to 500 Oe. And their frequency is independent 
of the applied magnetic field strength in the interval (see Fig. 6.24). 
In this range of magnetic fields an extra absorbed microwave power 
is observed (curve 2 in Fig. 6.24). The dependence of satellite inten- 
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sities on the external magnetic field strength copies the shape of 
the curve describing the additional microwave absorption in a sam- 
ple. Also, polarization conditions for observing these satellites 
differ from the foregoing case, since scattered light is depolar- 
ized. 

The investigation of the dependence of the satellite intensity / 
on the power P of the applied microwave field resulted in a threshold 
to be in it. The value of the threshold microwave field is h ih ~ 
^ 0.09 Oe. 

The available experimental data enable one to assume that the 
presence of the intense satellites with Av = v p /2 in the spectrum 
of scattered light is due to the excitation of parametric phonons in 
the sample. This assumption is supported by the following experi- 
mental evidence: 

(a) The excitation frequency of quasiparticles is independent of 
a magnetic field strength in the interval from to 500 Oe. Due to 
this, the observed quasiparticles cannot be parametric magnons, 
since according to Sec. 6.7.1 the magnetic field conditions to excite 
these magnons are very stringent. 

(b) The proximity of the quasiparticle frequency to that of trans- 
verse phonons propagating in the basal plane: the frequency v P h = 
= 16.9 GHz at T = 100 K and it differs from v q by only 1 GHz. 
With decreasing temperature down to 2 K the phonon frequency is 
expected to increase up to 18 GHz. The excitation of parametric 
phonons may be explained in the following way. 

The investigation of energy spectra of phonons [6.44] and mag- 
nons (Sec. 6.4) in CoC0 3 by the BMS technique have demonstrated 
that the frequency of x-magnons with q ^ is close to that of trans- 
verse phonons propagating in the basal plane. In such a situation, 
the magnetoelastic interaction in a crystal can produce a coupling 
between two oscillation types, i.e. magnon-phonon interaction. 
When investigating the dispersion law for the quasimagnon branch, 
we detected no departure from the relationship described by for- 
mula (6.19) with magneto-elastic interaction neglected. This may 
indicate a small magnitude of the latter. Nevertheless, the experi- 
ments described in this Section show this interaction to exist. An 
excitation of phonons is believed to be due to the magneto-elastic 
interaction in a crystal in low magnetic fields (near the intersection 
point of branches) at the pumping frequency v p ~ 36 GHz in CoC0 3 . 
Perhaps, the phonons have to be most intensively excited at the in- 
tersection point of magnon and phonon branches, i.e. at H c^. 0. 
The sample though is subdivided into domains and the magnitude of 
actual field inside the domain depends on its dimensions and shape. 

An analysis of equations for elastic oscillations obtained from a 
Hamiltonian with an added magneto-elastic interaction confirms 
our assumption of the parametric excitation of transverse phonons. 
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6.7.2.2. BMS from i/-Quasiparticles Excited Under 
AFMR [6.54-55] 

When exciting an antiferromagnetic resonance in a sam- 
ple at the frequency v A fmr = 36.2 GHz in the spectrum of light 
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Fig. 6.25. Spectrum of light (k = 632.8 nm) scattered at 90° in 
CoC0 3 {T < 2 K) from thermal z/-magnons (/) and parametrical //-phonons (2) 
excited by microwave power at v p = 36.2 GHz under AFMR. 



scattered from [/-particles, extra peaks at the frequency v 2 = 
= Vafmr/2 = 18.1 GHz (curve 2 in Fig. 6.25) are discovered in 
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addition to thermal magnons (curve 1 in Fig. 6.25) whose frequency 
is established from the spectrum of i/-magnons (see Fig. 6.25, v x = 
= 44.4 GHz). The polarization conditions to observe the peaks 
match those for transverse phonons. Their frequency is close to a 
transverse z/-phonon frequency measured at room temperature and 
equal to v P h = 16.9 GHz. All these facts enable us to assume that 
in this experiment we observe the decay of magnons of the uniform 
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Fig. 6.26. Scheme illustrating the parametrical excitation of y- 
phonons in CoC0 3 under AFMR at v AFMR ~ 36 GHz. 



precession with q = into two parametrical phonons whose fre- 
quency is equal to half the AFMR frequency and q = 2.5 X 10 5 cm- 1 . 
The decay scheme is shown in Fig. 6.26. Here is presented a low- 
frequency part of magnon spectrum in a magnetic field corresponding 
to the experimental conditions, and a part of the transverse z/-phonon 
spectrum taken at room temperature. Peaks 1 in Fig. 6.25 corre- 
spond to points 1 in Fig. 6.26 while peaks 2 to points 2. The above 
mentioned decay process is due to a resonance saturation and has to 
be of a threshold character. In experiment, we observed the satura- 
tion of an absorption resonance line at the pumping power level used 
in the scattering studies. 

A comparison of the intensities of light scattering from thermal 
z/-phonons at T < 300 K and from parametrical [/-phonons at T < 
<2K (Fig. 6.25) allows to evaluate by how many the latter exceed 
the former. 
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- This excess appears to be about 3 X 10 5 . Such an estimate is val- 
id under an assumption of the true line width of a parametrical 
phonon to be about 1 MHz (by analogy to magnons, see 6.7.2.1). 

The similar result was obtained by Wettling and Jantz with 
FeB0 3 [6.62]. 

Let us stress once more that the phenomenon discovered by us in 
CoC0 3 and by Wettling and Jantz in FeB0 3 [6.62] is a new type of 
instability under AFMR, this differing from the first order Suhl in- 
stability in that a magnon of uniform precession decays into two 
phonons rather than into two magnons of the half-frequency. Such a 
decay process is due to the magneto-elastic interaction in substance. 

The parametrical excitation of phonons has been recently 
observed in FeB0 3 by means of microwave techniques as well [6.63]. 
The identification of particles by these techniques is less reliable. 
Studying the BMS from quasiparticles enables their type to be de- 
termined from the whole complex of observational conditions (i.e. 
frequency and wave vectors, polarization conditions, range of mag- 
netic field involved in observation, etc.). 

From the point of view of relaxation processes this phenomenon 
can be related to one of the kinds of a phonon "bottle-neck". As is 
seen, the relaxation of magnons with q = excited under AFMR 
by, means of high pumping powers can lead to an accumulation (as 
compared to the equilibrium value) of a phonon group with definite 
energies and wave vectors. The "bottle-neck" inhibits thermalizing 
these "hot" phonons and heating of the phonon spectrum. 
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